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Riassunto 
 
I licheni, una simbiosi mutualistica tra un fungo (il micobionte), generalmente un 
ascomicete, e una o più popolazioni di alghe e/o cianobatteri (il fotobionte) sono considerati 
forme di vita estremofile in quanto da disidratati possono resistere a condizioni ambientali 
molto difficili come elevati irraggiamenti solari, scarsa disponibilità d'acqua e di nutrienti e 
dosi elevate di inquinanti aerodiffusi. Tali fattori di stress tuttavia inducono una 
sovrapproduzione a livello cellulare di specie reattive dell'ossigeno (ROS), che se eccede le 
difese antiossidanti genera stress ossidativo. L'accumulo delle ROS è un fenomeno molto 
pericoloso perché porta al danneggiamento di importanti macromolecole come lipidi, proteine 
e DNA ed in casi estremi può condurre anche alla morte cellulare. Sebbene gli effetti dello 
stress foto-ossidativo nei licheni siano già stati studiati, in questo dottorato di ricerca si è 
voluto approfondire alcuni aspetti ancora poco chiari relativi alla resistenza dei fotobionti a 
questo stress e alla resistenza dei licheni allo stress ossidativo indotto dalla presenza di elevate 
concentrazioni di inquinanti fotochimici come l'ozono (O3). Sul primo filone di ricerca sono 
stati condotti due studi. Nel primo ci si è focalizzati sugli effetti dello stress foto-ossidativo su 
parametri fisiologici di vitalità (ChlaF) e di produzione di ROS in un fotobionte lichenico e 
nella sua controparte lichenizzata. Ciò è stato ottenuto sottoponendo colture axeniche del 
fotobionte Trebouxia sp. e lobi del lichene Parmotrema perlatum da cui è stato isolato il 
fotobionte, a diverse combinazioni di umidità relativa e intensità luminose per periodi di 
tempo crescenti. L'obiettivo di questo studio è stato quello di approfondire le conoscenze sui 
benefici indotti dalla lichenizzazione nella resistenza al disseccamento e al concomitante 
stress foto-ossidativo.  
Il secondo studio invece, strettamente connesso al primo, è focalizzato sulla variazione di 
espressione genica dell'intero trascrittoma del fotobionte Trebouxia gelatinosa, isolato dal 
lichene lichene Flavoparmelia caperata (L.) Hale, indotta da eventi di disidratazione e 
reidratazione. Con questo studio si è voluto individuare ed analizzare i meccanismi molecolari 
alla base della tolleranza di questo organismo al disseccamento e al concomitante stress foto-
ossidativo. 
Sul secondo filone di ricerca invece è stato condotto uno studio sulle risposte fisiologiche, 
citologiche e biochimiche del lichene Flavoparmelia caperata (L.) Hale sottoposto a 
fumigazioni con O3 e mantenuto a diversi regimi di idratazione e di umidità relativa 
ambientale. L'obiettivo di questo studio è stato quello di verificare se la tolleranza di questo 
lichene allo stress ossidativo derivante dall'esposizione all'O3 dipende da una strategia O3-
avoidant, imputabile alla sua inattività metabolica durante le ore della giornata in cui si 
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verifica il picco dell'O3, oppure da una O3-tolerant, dovuta invece alla presenza di un cospicuo 
ed efficace corredo di difese antiossidanti. 
Il primo studio ha dimostrato che il fotobionte algale al di fuori della simbiosi è in grado 
di resistere a livelli elevati di stress foto-ossidativo anche per periodi molto lunghi. Tuttavia è 
stato confermato che la simbiosi adduce benefici importanti come l'aumento della capacità di 
estinzione dell'energia accumulata dalle clorofille attraverso meccanismi non fotochimici e un 
ridotto effetto ossidativo indotto dal disseccamento. Questi risultati ci hanno permesso di 
sfatare l'ormai consolidata idea che i fotobionti algali, in particolare quelli del genere 
Trebouxia, siano particolarmente delicati e incapaci di tollerare autonomamente (al di fuori 
della simbiosi) fattori di stress abiotici come quelli che intervengono durante il disseccamento.  
Dai risultati del secondo studio è emerso che il fotobionte T. gelatinosa per far fronte alle 
importanti alterazioni dovute alla perdita d'acqua, si affida soprattutto a meccanismi che 
intervengono durante la fase di reidratazione. I più importanti coinvolgono molecole di 
riparazione “chaperone”, e. g. “Heath Shock Proteins”, e proteine della famiglia “Desiccation 
Related Proteins”, la cui funzione è ancora sconosciuta, ma visto l'elevato numero, la loro 
diversità intraspecifica e la sensibilità ai cambi di contenuto idrico, sembrano giocare un ruolo 
molto importante. Paradossalmente invece non sono state osservate alterazioni 
nell'espressione di geni collegati alle difese antiossidanti, che è sempre rimasta a livelli 
costitutivi. Ciò è stato interpretato come una strategia che permette all'organismo di avere 
sempre a disposizione mRNA per la neo-sintesi di nuovi enzimi coinvolti nelle difese 
antiossidanti.  
Infine nell'ultimo studio è stata riconfermata l'elevata resistenza del lichene F. caperata 
allo stress ossidativo derivato dall'esposizione all'O3 in quanto alla concentrazione utilizzata, 
ovvero il massimo registrato nell'ambiente alle nostre latitudini, non è stato osservato alcun 
effetto sulla vitalità nonostante sia stata osservata una notevole produzione di ROS. L'effetto 
ossidativo dell'O3 infatti è stato controbilanciato dalle difese antiossidanti le quali si sono 
mostrate altamente sensibili all'esposizione ed efficaci anche a bassi contenuti idrici.  
Lo stress ossidativo derivante da fattori abiotici di origine naturali e antropica dunque 
sembra essere gestito efficacemente sia dai licheni che dai loro fotobionti isolati, grazie ad 
efficienti difese antiossidanti e all'intervento di meccanismi di riparazione del danno. 
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Introduzione 
 
I licheni sono una simbiosi mutualistica tra un fungo (il micobionte), generalmente un 
ascomicete, e una o più popolazioni di alghe e/o cianobatteri (il fotobionte). La caratteristica 
che mi ha stimolato a studiare alcuni aspetti della loro biologia è la loro estrema tolleranza al 
disseccamento. I licheni infatti sono forme di vita peciloidre quindi privi di veri e propri 
sistemi di regolazione del contenuto idrico; la loro idratazione dunque dipende strettamente 
dalle condizioni atmosferiche. Questa caratteristica comporta che essi sono continuamente 
soggetti a fenomeni di disidratazione e di reidratazione intervallati da periodi in cui, a causa 
della quasi totale assenza di acqua intracellulare, entrano in uno stato di inattività metabolica 
detto criptobiosi. In questo stato i licheni sono in grado di tollerare condizioni e fattori di 
stress estremi quali elevati irraggiamenti solari, shock termici (Tretiach et al. 2012a), 
esposizioni a raggi UV (Gauslaa and Ustvedt 2003), X, e il vuoto spaziale (Sancho et al. 
2007). Questo aspetto ha permesso loro di colonizzare quasi tutti gli ambienti terrestri e di 
essere gli organismi predominanti in alcuni ambienti estremi come quelli polari e le cime 
delle montagne (Beckett et al. 2008). Sebbene siamo ancora lontani dal capire tutte le 
strategie e i meccanismi adottati dai licheni per tollerare tali stress, sappiamo che quest'ultimi, 
tra i vari effetti, inducono una sovrapproduzione di specie reattive dell'ossigeno (ROS) 
(Beckett et al. 2008; Møller and Sweetlove 2010). Nei licheni, come in tutti gli organismi 
aerobi, le ROS vengono prodotte normalmente da vie metaboliche che coinvolgono molecole 
d'ossigeno come la respirazione, e possono svolgere importanti ruoli nei meccanismi di 
comunicazione cellulare (Møller and Sweetlove 2010) e nella difesa contro l'attacco di 
organismi patogeni (Beckett et al. 2005). In condizioni normali la produzione di queste 
molecole viene tenuta sotto controllo da meccanismi di detossificazione che vengono 
comunemente chiamati difese antiossidanti che possono essere enzimatiche, come ad esempio 
le catalasi, le perossidasi e le superossido dismutasi, e non-, come il glutatione e l’acido 
ascorbico; il rapporto tra produzione di ROS e difese antiossidanti determina il grado di stress 
ossidativo a cui è sottoposta la cellula. Fattori di stress come quelli menzionati poco sopra 
inducono una sovrapproduzione di ROS e quindi possono sbilanciare il rapporto 
ossidanti/antiossidanti a favore dei primi incrementando così il livello di stress ossidativo. 
L'accumulo di ROS come l'anione superossido (·O2-), il perossido di idrogeno (H2O2), il 
radicale ossidrilico (·OH) e l'ossigeno singoletto (1O2) è un fenomeno di stress molto 
pericoloso perché può provocare il danneggiamento di importanti macromolecole come lipidi, 
proteine e DNA, e può in casi estremi portare alla morte cellulare (Wagner et al. 2004). Gli 
organismi fotoautotrofi possiedono un'altra potenziale sorgente di ROS ovvero l'apparato 
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fotosintetico. Le clorofille eccitate - in condizioni di elevata illuminazione o di illuminazione 
accoppiata a deficit idrico - possono estinguere parte dell'energia accumulata non solo tramite 
l'emissione di fluorescenza o di calore, ma anche attraverso la cessione diretta di energia alle 
molecole di ossigeno (ossigeno tripletto) che, subendo un riarrangiamento degli elettroni, dà 
origine all'1O2 una ROS molto reattiva e precursore di molte altre. In tali condizioni inoltre il 
fotosistema secondo può cedere un elettrone all'ossigeno tripletto per formare ·O2- il quale 
può reagire con proteine o enzimi inattivandoli (Halliwell et al. 2006) oppure può essere 
dismutato a H2O2 dall'enzima superossido dismutasi. Questo stress ossidativo derivato 
dall'esposizione alla luce viene più correttamente chiamato foto-ossidativo.  
Oltre a fattori di stress ossidativo “naturali” i licheni possono essere soggetti anche a 
quelli derivanti da attività antropiche come ad esempio l'accumulo di alcuni inquinanti 
aerodiffusi a livello troposferico. I licheni infatti sono strettamente legati alla composizione 
atmosferica in quanto traggono passivamente umidità e nutrienti tramite le deposizioni; ciò 
tuttavia li espone anche alla presenza degli inquinanti. Di questi l'ozono (O3), forma 
allotropica triatomica dell'ossigeno, possiede notevoli proprietà ossidanti. Esso fa parte della 
famiglia degli inquinanti cosiddetti secondari, in quanto non esistono processi antropici in 
grado di rilasciarne direttamente grandi quantità nell’atmosfera, ma si forma naturalmente in 
presenza di altri inquinanti di origine antropica - in particolare NOX e composti organici 
volatili - e di determinate condizioni climatiche come elevate temperature e irraggiamenti 
solari (Lorenzini e Nali, 2005). La sua elevata tossicità deriva dal suo comportamento in 
soluzione acquosa, dove si dissocia velocemente (in acqua possiede un'emivita di 20 minuti) 
formando specie reattive dell'ossigeno.  
Le ricerche incluse in questa tesi di dottorato si sono concentrate dunque sugli effetti 
dello stress foto-ossidativo e dell'O3 sui licheni e sui fotobionti isolati a livello fisiologico, 
biochimico e genetico.  
Il primo dei tre capitoli di cui si compone la tesi, intitolato “Influence of lichenization on 
the desiccation tolerance of the aeroterrestrial microalga Trebouxia sp. (Chlorophyta)”, verte 
sugli effetti dello stress foto-ossidativo indotto durante periodi di disseccamento prolungato 
sul fotobionte Trebouxia sp. e sulla sua controparte lichenizzata. I licheni sono tra i più 
classici esempi di forme di vita “desiccation tolerant” in quanto quasi tutte le specie sono in 
grado di sopravvivere a lunghi periodi in cui il loro contenuto idrico può scendere al di sotto 
del 10% (su peso secco) e recuperare in breve tempo una normale attività metabolica non 
appena l'acqua ritorna disponibile. La perdita d'acqua tuttavia induce importanti modificazioni 
a livello anatomico, fisiologico e biochimico tra cui il collasso della parete cellulare 
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(Honegger et al. 1996), la perdita di idratazione delle molecole e l'alterazione del pH 
intracellulare (Alpert et al. 2006), e soprattutto lo sviluppo di ROS (Kranner et al. 2008). I 
licheni possiedono diversi meccanismi per far fronte a queste alterazioni che conferiscono 
loro un'elevata tolleranza al disseccamento. Tra i più importanti ci sono a) l'accumulo di 
zuccheri e di polialcoli non-riducenti che porta alla vitrificazione del citoplasma al fine di 
preservare l'ultrastruttura cellulare e la corretta struttura terziaria delle proteine (Alpert et al. 
2006), b) la presenza di un efficiente corredo di sostanze ed enzimi antiossidanti deputate al 
controllo e a alla rimozione delle ROS e c) la presenza di meccanismi di protezione 
dell'apparato fotosintetico dei fotobionti che si innescano non appena il lichene passa nello 
stato di criptobiosi (Heber et al. 2008). Gli effetti del disseccamento e del risultante stress 
ossidativo sono stati largamente studiati nei licheni (per una review vedere Kranner et al. 
2008), tuttavia questo tipo di indagini sui simbionti separati sono un numero molto limitato. 
Ciò comporta che le conoscenze sui benefici derivanti dalla lichenizzazione sulla “desiccation 
tolerance” dei due partner sono ancora molto limitate, sebbene esso sia un aspetto di 
fondamentale importanza per comprendere la biologia dei licheni. Per questo motivo 
l'obiettivo principale di questo primo lavoro è stato quello di elucidare il ruolo della 
lichenizzazione nella tolleranza al disseccamento di un fotobionte isolato confrontandolo con 
la sua controparte lichenizzata. 
Nel lavoro descritto nel secondo capitolo intitolato “Transcriptomic analysis of the 
lichen-forming alga Trebouxia gelatinosa subjected to dehydration and rehydration 
processes” si è voluto approfondire le conoscenze su quali meccanismi molecolari 
responsabili della tolleranza al disseccamento vengono coinvolti durante le fasi di 
disidratazione e reidratazione di un fotobionte appartenente al genere Trebouxia. Queste fasi 
sono molto importanti per gli organismi “desiccation tolerant” perchè sono i momenti in cui 
essi mettono in atto le strategie necessarie a tollerare le alterazioni derivanti dalla perdita 
d’acqua. Ad esempio le piante vascolari “desiccation tolerant” Craterostigma plantagineum e 
Xerophyta humilis, durante la disidratazione accumulano sostanze osmoprotettive come 
zuccheri e polialcoli non-riducenti (Hoekstra et al. 2001), Heath Shock Proteins (HSPs) 
(Wang et al. 2004), Late Abundant Embryogenesis proteins (LEAs) (Goyal et al. 2005) e 
sostanze antiossidanti (Kranner et al. 2002). Il muschio Syntrichia ruralis, una delle briofite 
“desiccation tolerant” più studiate, si affida a strategie che intervengono soprattutto durante la 
fase di reidratazione, come la sintesi di particolari LEAs dette reidrine e di HSPs (Oliver et al. 
2000). Le conoscenze sulle strategie messe in atto dai licheni e dai loro simbionti isolati sono 
invece ancora piuttosto limitate. Dai recenti studi condotti su questo tema tuttavia è emerso 
che a livello fisiologico il rateo di disidratazione gioca un ruolo molto importante nelle 
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capacità di recupero dell’apparato fotosintetico (Gasulla et al. 2009), mentre a livello 
proteomico e trascrittomico sono stati osservati cambiamenti importanti sia durante la 
disidratazione che durante la reidratazione (Gasulla et al. 2013; Juntila et al. 2013). In questo 
studio si è voluto approfondire questo tema analizzando l'intero trascrittoma del fotobionte 
Trebouxia gelatinosa in relazione ad eventi di disidratazione e reidratazione. Durante l'analisi 
è stata prestata particolare attenzione all'espressione genica di meccanismi molecolari 
coinvolti nella difesa da stress ossidativo. I risultati di questo lavoro saranno la base di 
partenza per futuri studi di trascrittomica nel campo della lichenologia mirati alla 
caratterizzazione delle variazioni di espressione genica dovute non solo disseccamento ma 
anche ad altri fattori di stress ambientali ed antropici. 
Nell'ultimo capitolo della tesi viene presentato il lavoro “Why lichens are ozone tolerant? 
A possible explanation from biochemical to physiological level” che verte sugli effetti dell'O3 
sul lichene Flavoparmelia caperata. Le conoscenze sulla tossicità dell'O3 risalgono alla fine 
del 1800, tuttavia l'interesse verso questo inquinante è diventato più forte dalla comparsa dello 
smog di Los Angeles (Haagen-Smit, 1952), anche detto smog fotochimico, di cui proprio l'O3 
è uno dei componenti principali e più dannosi. L'accumulo di O3 troposferico dovuto a questo 
tipo di inquinamento ha portato nei casi più estremi ad un decremento della produttività delle 
colture agricole e di conseguenza ad un danno economico non trascurabile. Per questa ragione 
gli studi sulla tossicità di questo inquinante sulle piante vascolari sono molti. La sua tossicità 
come detto in precedenza deriva dal fatto che in soluzione acquosa esso induce la formazione 
di ROS. Nelle piante l'O3 diffondendo attraverso gli stomi e dissolvendosi nell'acqua 
apoplastica dà origine a ·OH e H2O2 i quali se prodotti in gradi quantità, possono portare 
anche alla morte cellulare.  
La tossiscità dell'O3 sui licheni invece è un argomento ancora acceso e dibattuto in 
quanto i dati disponibili sono ancora limitati, se confrontati con quelli raccolti per le piante 
vascolari, e parzialmente contradditori (p.es. Scheidegger and Schroeter 1995; Zambrano and 
Nash 2000; Riddell et al. 2010; 2012; Bertuzzi et al. 2013). Ciò è dovuto molto probabilmente 
alle metodiche di trattamento adottate, che differiscono nelle concentrazioni di inquinante 
applicate, nei tempi di esposizione e soprattutto nei regimi di idratazione. In particolare 
l'idratazione nei licheni è un fattore molto importante da considerare in quanto da essa 
dipende l'attivazione o meno dell'attività metabolica e può dunque modificare le interazioni 
organismo-inquinante (Tretiach et al. 2012b). Come detto in precedenza i licheni sono forme 
di vita estremamente tolleranti quando disidratati, ma non appena si reidratano diventano 
vulnerabili ad alcuni fattori di stress, come ad esempio il calore (Tretiach et al. 2012a). 
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In questo studio la tossicità dell'O3 è stata verificata sottoponendo il lichene 
Flavoparmelia caperata a fumigazioni in condizioni controllate abbinate a diversi regimi di 
idratazione e umidità ambientali, e misurando poi l'alterazione di parametri fisiologici legati 
alla vitalità e di markers biochimici di stress ossidativo. 
Questo lavoro si inserisce in un progetto di ricerca PRIN 2008, iniziato nel 2010, il cui 
obiettivo era quello di analizzare gli effetti dell'ozono sui licheni a livello molecolare, 
biochimico, fisiologico e morfo-strutturale. Le indagini presentate in questo studio sono state 
effettuate anche su altre due specie licheniche e sul fotobionte algale di una delle tre specie 
utilizzate. Molti dei risultati di questo progetto sono ancora inediti, ma sono già stati 
presentati a diversi congressi nazionali ed internazionali (vedi appendice). 
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Abstract  
 
Background and aims The coccoid algae belonging to the genus Trebouxia are the most 
common photobionts of chlorolichens but their occurrence as free-living organisms is 
sporadic. This fact combined with the benefits provided by the fungal partner supports the 
common assumption that the species of Trebouxia find the best environmental conditions for 
their survival within the lichen thallus itself. This study aimed at testing the influence of 
lichenization on the desiccation tolerance of a Trebouxia species in connection to the 
development of intracellular ROS production.  
Methods Lobes of the lichen Parmotrema perlatum (Lichenized Trebouxia, LT) and 
axenically grown cultures (Cultured Trebouxia, CT), derived from the same lichen, were 
analyzed for ChlaF emission and histochemical ROS production before desiccation, after 15 
to 45 days of desiccation under different combinations of light and air humidity, and after a 
recovery of 1 to 3 days in fully hydrated conditions.  
Key Results Light is the most important factor influencing the vitality of both LT and CT 
during desiccation. Cultured Trebouxia sp. can withstand desiccation under high light as 
much as LT, since after 45 days of exposure the recovery performance of CT was better than 
that of LT. By contrast, the photosynthetic apparatus of LT quenches better the excess of light 
energy. Reactive oxygen species production in LT was influenced mostly by light exposure 
whereas CT showed an oxidative burst independent on the light conditions.  
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Conclusions Lichenization provides improvements that are essential for the photobiont 
survival in high-light habitats, though Trebouxia can withstand even protracted periods of 
photo-oxidative stress by itself. The influence of air humidity on the activity of protection 
mechanisms and the importance of lichenization for the mineral nutrition of Trebouxia are 
also discussed. 
 
Introduction  
 
Green microalgae are typical inhabitants of marine and fresh water environments, but 
they also colonize terrestrial habitats, from tree bark (Lüttge and Büdel, 2010), to rocks 
(Matthes-Sears et al., 1999), to the soil of hot and cold deserts (Gray et al., 2007). A further 
opportunity to extend habitat occupancy is lichenization, i.e. the formation of a stable, 
extracellular symbiosis between an eterotrophic fungus (generally an ascomycete, the 
mycobiont), and one or more populations of green algae or cyanobacteria (the photobionts). 
Lichenization is commonly considered as a life-style that creates favourable conditions for 
both symbiotic partners, and particularly for the photobiont, that would be put in the best 
conditions as for light, gas and water exchange, at least when living in the thalli of the most 
evolved lichen-forming fungi (Nash, 2008). All photobionts and all their fungine partners are 
desiccation tolerant, i.e. they can survive drying to about 10% remaining water content, 
resuming the normal metabolism in some minutes as soon as water becomes available again. 
By contrast, only c. 20% of all aeroterrestrial microalge share this feature (Davis, 1972). 
Desiccation tolerance allows a better exploitation of water resources when these are erratic, 
unpredictable or scanty (Nardini et al., 2013). This strategy is known to occur in 
phylogenetically unrelated taxa, such as tardigrades, fungi, mosses, and a few vascular plants 
(Alpert, 2006). All of them can survive to “extreme” conditions, from liquid nitrogen 
temperatures (Honegger, 2002), to x-rays exposure, to spatial vacuum (Sancho et al., 2007). 
The loss of hydration and the following recovery cannot occur, however, without dramatic 
consequences at cellular level. Dehydration, for instance, causes the shrinkage of the cells and 
the loss of the solvation water surrounding the large bio-molecules, with subsequent 
aggregation and/or folding of the tertiary structures and alteration of the whole cell 
ultrastructure (Honegger et al., 1996; Gasulla et al., 2013; Alpert, 2006). Furthermore, 
reactive oxygen species (ROS) are formed at high levels and can thus damage DNA, lipids 
and proteins (Weissmann et al., 2005; Catalá et al., 2010). This danger is particularly 
important in photoautotrophic organisms when dehydration occurs under light, because the 
photosystems, which cannot properly work, transfer part of the excitation energy derived from 
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light absorption to triplet oxygen, forming singlet oxygen, a ROS with high oxidizing power 
(Foyer et al., 1994). However, the magnitude of these alterations depends largely on the 
dehydration rate (Oliver et al., 2000; Gasulla et al., 2009), the time spent in the desiccated 
state (Kranner et al., 2003; 2005), and the final water content. The latter is particularly 
important because it affects the molecular mobility and thus the enzimatic activity 
(Fernández-Marín et al., 2013).  
It could be questioned whether lichenization increases the desiccation tolerance of the 
two partners. To date, research dealing with such issue is limited, and results available are not 
fully congruent. Lange et al. (1990), for example, did not observe significant differences in 
the photosynthetic performance of liberated vs. lichenized algae under water stress. Kranner 
et al. (2005), alternatively, found that molecular photoprotection is more efficient in the lichen 
than in its isolated symbionts. The importance of lichenization in increasing the desiccation 
tolerance of the photobiont was recently hypothesized also by Kosugi et al. (2009; 2013).  
In this work the influence of lichenization in the desiccation tolerance of a lichen 
photobiont was verified by combining different desiccation regimes and photo-oxidative 
conditions to cultured vs. lichenized cells of a Trebouxia species, a representative of the green 
algal genus that occurs in c. 50% of the known lichens (Ahmadjian, 1993). Furthermore for 
the first time it was directly investigated the resistance of the lichen photobiont to prolonged 
desiccation periods. The effects on the vitality of the photobiont cells were verified by means 
of chlorophyll a fluorescence (ChlaF) emission measurements, whereas a semi-quantitative 
histochemical localization of ROS was carried out to verify the influence of the exposure 
conditions on the ROS production.  
 
Materials and Methods 
 
Lichen sampling and pre-treatment of samples 
 
Thalli of the lichen Parmotrema perlatum (Huds.) M.Choisy were collected from 
northerly exposed oak [Quercus petraea (Matt.) Liebl.] bark in a dolina wood of the Classic 
Karst (Trieste, NE Italy), far from known pollution sources. A detailed description of the 
collection site with characterization of the epiphytic lichen vegetation is given by Carvalho 
(1996). The material was left to dry out in the laboratory at room temperature for 24 hours 
under dim light and then carefully cleaned from mosses and bark fragments under a 
stereomicroscope with the aid of stainless tweezers. Marginal lobes (50±3 mg DW) free of 
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necrotic spots, soralia or parasites were randomly selected for the experiments. Before 
exposure, the samples were subjected to a two-day long conditioning process: they were 
immersed in distilled water for 3 minutes every 12 hours and, during the remaining time, they 
were placed on Petri plates within plastic boxes containing water at the bottom; the boxes 
were covered, but not sealed, with transparent plastic wrap (>95% RH) and placed in a 
thermostatic chamber at 18±1 °C with a light/dark regime of 14/10 h and a light intensity of 
20 µmol photons m-2 s-1. 
 
Isolation and culturing of the lichen photobiont 
 
An axenic strain of the photobiont of one of the thalli of P. perlatum cited above was 
isolated according to Yamamoto et al. (2002). The isolated photobiont was inoculated into 
sterile plastic tubes filled with ≈ 5 mL of slanted solid 3NBBM (1.5% agar) (Ahmadjian 
1973), which were kept in a thermostatic chamber at 18±1 °C under a light regime of 17±2 
μmol photons m-2 s-1 with a light/dark regime of 14/10 h until abundant biomass has grown. 
The photobiont was subcultured every 30 days and kept at the same conditions. The alga was 
identified as a still undescribed species of Trebouxia De Puymaly on the basis of ITS 
sequence data (data available upon request). 
The cultures used in the experiments were prepared by inoculating 100 μL of a cell water 
suspension (density: 3.5x106 cells mL-1) on hand-cut sterile filter paper discs (Whatman, 60±5 
g m-2, diam. 25 mm), laid on solid 3NBBM (1.5% agar) inside Petri plates. Four discs were 
placed in each plate. The cultures were grown at the same controlled conditions mentioned 
above for 30 days before exposure. The cultured algal biomass was estimated by measuring 
the chlorophyll content in crude extracts (Table 1). The pigment extraction was carried out 
using whole discs (n=6) immersed in DMSO for 24 h (Tretiach et al., 2007a). The supernatant 
was analysed spectrophotometrically, and the equations of Wellburn (1994) were applied. The 
chlorophyll content was then expressed on an area basis. Reference algal material was cryo-
conserved according to Dahmen et al. (1983) and is available upon request.  
Table 1 Algal layer thickness, chlorophyll and carotenoid content (Chla, Chlb and C(x+c)) of lichenized (LT) 
and cultured (CT) Trebouxia sp. Values are means ± 1 standard deviation (n = 6). 
        
  
Thickness 
(µm)  
Chla 
(µg/cm2)  
Chlb 
(µg/cm2) 
C(x+c) 
(µg/cm2)  
        
        
 LT 22 ± 3  48.2 ± 2.0* 16.4 ± 0.1* 11.6 ± 0.1*  
        
 CT 99 ± 13  112.1 ± 6.4 28.5 ± 1.6 25.8 ± 3.9  
        
    
 * Data from Piccotto and Tretiach (2010)   
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Experimental design 
 
Two separate exposure experiments, A and B, were performed, with ChlaF measurements 
(A and B) and histochemical localization of ROS (A) carried out before exposure, after 
exposure and after recovery under optimal condition. 
 
Experiment A - Lichen lobes and the axenic cultured photobiont were kept for 15 days at 
3% and 80% RH, and at 0, 40 and 120 µmol photons m-2 s-1 with a light/dark regime of 14/10 
h. After exposure, lobes and cultures underwent a recovery period of three days at the 
respective pre-exposure conditions. Here the growth medium of the algal cultures was 
changed from 3NBBM to BBM, which is organic nutrients free. In this way it was possible to 
limit the growth of fungi and/or bacteria after the exposure in non-axenic conditions (see 
below).  
 
Experiment B - Lichen lobes and the axenic cultured photobiont were kept for 15, 30 and 
45 days at 3% RH and at 0 and 120 µmol photons m-2 s-1 with a light/dark regime of 14/10 h. 
After exposure, lobes and cultures were subjected to a recovery period of one day at the same 
conditions described for experiment A. 
 
Exposure conditions  
 
The lobes and the algal cultures were introduced into dryers with a transparent lid 
(polypropilene-policarbonate, vol. 9,2 L, diam. 25 cm, h 30 cm; Kartell®, Milan, Italy) placed 
inside a thermostatic chamber set at 20±1 °C. Low (3%) and high (80%) RHs were obtained 
by adding, respectively, silica gel and a saturated solution of NaCl at the bottom of the dryers. 
In order to permit the gas exchange with the external atmosphere while maintaining a constant 
RH, the dryers had been properly modified with an open funnel inserted at the top of the lid 
and filled with silica gel (3% RH) or wet paper (80% RH) that were daily changed. This 
expedient was adopted to obtain a constant concentration of oxygen into the dryers necessary 
to balance the contribution of the respiration and/or the photosynthetic activity of samples that 
might occur at 80% RH.  
Illumination was provided by a Gavita Superagro GAN 4-550 (400 W) lamp. The 
thermal infrared emission was reduced with an home-made glass filter chamber (40x40x4 cm) 
filled with running tap water, placed at ca. 7 cm from the light source. The dryers were 
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eventually covered by aluminium foils. During exposure, RH and T °C inside the desiccators 
were constantly monitored with data loggers (EL-USB-2, Lascar Electronics Inc, Whiteparish, 
UK). The temperature of the samples was checked with a contact thermocouple (Digi-Sense® 
Dual J-T-E-K™ Thermocouple Thermometer, Eutech Instruments®, Netherlands) in a 
preliminary test and it never exceeded 22 °C. PPFD values higher than 150 µmol photons m-2 
s-1 causing significant increases in sample temperature were not applied.  
 
ChlaF measurements 
 
ChlaF measurements on the lobes were carried out for each exposure condition on the 
same set of samples (exp. A: n = 10; exp. B: n = 6) before and after exposure and after the 
recovery period. Measurements on the cultures were carried out on two separate sets of 
samples, those for the pre-exposure measurements and those for the post-exposure plus post-
recovery measurements (exp. A: n = 10; exp. B: n = 5). This solution was adopted to limit 
contaminations during the recovery period.  
Before measurements the lobes and the cultures were rehydrated, in the first case by 
submerging the lobes in distilled water for 3 min., in the second case by adding two drops of 
distilled water to each culture disc and then by placing it in a Petri plate filled with solid BBM 
medium. Lobes and cultures were then dark adapted for 30 min.  
ChlaF measurements were carried out with a pulse-amplitude-modulated fluorimeter 
Mini-PAM (Walz, Effeltrich, Germany), positioning the measuring optic fiber (length: 100 
cm; active diameter: 5.5 mm) at 60° on the upper surface of terminal parts of the lobes, 
because these portions have considerably higher ChlaF emission than the central ones 
(Tretiach et al. 2007b), and on the centers of the culture discs, because of the higher cell 
density. The modulated light was turned on to obtain F0 (minimal ChlaF level). A saturating 
light pulse of ca. 8,000 μmol photons m-2 s-1 for 0.8 s was emitted to obtain Fm (transient 
maximum ChlaF level), and thus to calculate Fv (variable ChlaF level, i.e. Fm−F0) and Fv/Fm 
(maximum quantum efficiency of PSII photochemistry) (Genty et al. 1989). An external 
actinic light provided by a light unit FL-460 (Walz, Effeltrich, Germany) with halogen lamp 
was turned on to record the Kautsky effect at 108 μmol photons m-2 s-1 (light intensity 
consistent with the species-specific PPFDIk value of P. perlatum as described by Piccotto and 
Tretiach, 2010). Once the peak Fp was achieved, saturating light pulses were applied at 60 s 
intervals during actinic illumination to determine the photochemical (qP) and non 
photochemical (NPQ) quenching (see, e.g. Baker, 2008; Roháček, 2002). NPQ was calculated 
as (Fm−F'm)/F'm where F'm is the maximum quantum yield of PS II in illuminated samples. 
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Histochemical localization of ROS production  
 
After each treatment three lobes and three cultures were promptly soaked in liquid 
nitrogen and stored at -80 °C until use. Lobes taken from the freezer were let to warm up at 
room temperature for 10 min. and then rectangular fragments of 4×3 mm were cut with a 
stainless blade, rehydrated in distilled water for 5 min., and patted dry with absorbent paper to 
remove the excess of water. The fragments were mounted in a cryostat embedding medium 
(Killik, Bio-Optica, Milan, Italy) and then cut with a cryotome LEICA CM 1510 S (Leica 
microsystems®, Wetzlar, Germany) to obtain 30 μm thick transversal sections. These were 
immersed in 15 mL of an aqueous solution 10 μM of 2',7'-dichlorofluorescin diacetate 
(DCFH-DA, HPLC grade, Sigma-Aldrich, St. Louis, USA) inside a vacuum chamber in the 
dark for 90 min. DCFH-DA is a non-polar molecule that enters the cell and is deacetylated by 
intracellular esterases to 2',7'-dichlorofluorescin (DCFH), a polar molecule unable to get out 
of the cell. DCFH is then oxydized by H2O2 or other ROS to 2',7'-dichlorofluorescein (DCF), 
a fluorescent molecule, with an exciting/emission wavelength of 488/525 nm. After this 
treatment, 7 transversal sections were put on glass slides and observed; image acquisitions 
were taken only for three randomly selected sections.  
Frozen cultures were thaw at room temperature for 10 min., rehydrated with two drops of 
water for 5 min. and re-suspended in 1 mL of the DCFH-DA 10 μM solution. The culture 
suspension was incubated for 30 min. in the dark on a shaking desk and then centrifuged at 
1400 × g for 1 min. The DCFH-DA supernatant was discharged, and the pellet re-suspended 
in distilled water (400 μL). One drop of the water suspension was put on a glass slide and 
observed with a confocal laser scanning microscope (CLSM) Nikon C1-si (Nikon, Tokyo, 
Japan). Image acquisitions were carried out for three randomly selected fields after an careful 
observation of the whole sample surface.  
Lobe sections and culture suspensions were excited with an argon laser at 488 nm with 
an intensity of 10.5%. Signal from the excited DCF was acquired with a 515/30 nm band pass 
filter. Emission of the autofluorescence from chlorophyll was acquired with a 650 nm long 
pass filter (λ≥ 650 nm). Each acquired field was made by a variable number of focal planes, 
depending on the thickness of the sections and on the algal abundance, to permit the ROS 
localization at intracellular level. Acquisitions were elaborated with the Nikon EZ-C1 
FreeViewer software (Nikon, Tokyo, Japan) and with the freeware suite ImageJ 1.46r (Wayne 
Rasband, National Institutes of Health, Washington DC, USA). A unification algorithm (Z-
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Projection) was applied to each confocal acquisition to obtain bi-dimensional images. The 
entire set of images was analysed in order to provide a semi-quantitative estimation of the 
ROS production in the photobiont cells. A cell count was performed to calculate the 
percentage of cells that developed ROS. Mature cells (diam > 6 μm, according to Tschermak-
Woess 1989) were distinguished from aplano- or autospores, and dead cells or cells with a 
collapsed chloroplast were excluded. Production of ROS was considered to occur when the 
signal of intracellular excited DCF was higher than the background noise due to DCFH-DA. 
This tecnique was the only one applicable to verify the occurrence of ROS production in both 
lichenized and cultured Trebouxia. Other fluorimetric approaches, e.g. citofluorimetry, were 
excluded because cultured Trebouxia sp. forms very large, tightly packed clusters of cells 
which cannot be disgregated, and this causes the rapid obstruction of the capillary. Treatments 
such as sonication and/or the addition of disgregating agents to the algal water suspension, 
such as citric acid plus Tween 20, Na2-EDTA and surfactants were tested, but none of these 
produced significant results. Spectrofluorimetric techniques were likewise excluded because 
in lichenized Trebouxia they do not permit to separate the DCF signal of the lichenized algae 
from that of the fungal one (Weissman et al., 2005). 
 
RH equilibration during exposure  
 
The samples were introduced into the dryers fully hydrated (see Table 2) and this 
resulted in a different dehydration rate being faster at 3% than at 80% RH; in fact, the air 
relative humidity monitored within the dryers equilibrated faster in the first case than in the 
second one [supplementary information]. A preliminary experiment based on ChlaF 
measurements and the histochemical localization of ROS, however, had shown that the 
different times of equilibration to 3 and 80% RH did not affect the ChlaF photobiont response 
but caused a slight increase in ROS production in the 80% RH equilibrated samples.  
Table 2 Relative water content (%RWC) and water potential (Ψw, MPa) of lichenized Trebouxia sp. samples 
measured before exposure (Pre-), after 15-day exposure (Post-) at 3% and 80% of air relative humidity (%RH), 
and after 3-day recovery (Rec-) at 20 μmol photons m-2 s-1 and 100% RH, with morning and evening watering. 
Values are means ± standard error (n = 3÷6). 
 
   
 
   
 
   
 
 Pre-    Post-     Rec-     
             
 %RH %RWC Ψw   %RH %RWC Ψw   %RH %RWC Ψw   
             
 ≈100 247 ± 14 0  3 3.0 ± 0.5 /  ≈100 317 ± 34 0  
             
     80 15.1 ± 0.7 -41 ± 1      
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Additional data 
 
Measurements of cortex transmittance were carried out on dry and wet lobe fragments 
(4x3 mm; n = 8) to characterize the shielding effect of the mycobiont cortical layer that 
protects the algae of the lichen thallus from direct light. Moistened fragments of lichen lobes 
were flattened between two paper sheets, gently pressed, left to dry out for one day and then 
stuck with double-sided transparent adhesive on single microscope slides with the lower 
surface turned up. The lower cortex, the medulla, and most of the algal layer were then 
carefully removed with a blade under a stereo-microscope working at high magnification (× 
115). The removal process was interrupted when a single algal layer was observable at the 
microscope. The samples were placed under the 5× objective of a Zeiss Axioplan microscope. 
Light was set at the maximum intensity and the PPFD passing through the sample was 
measured by placing the probe of a quantum radiometer HD 2302.0 (Delta Ohm, Padua, Italy) 
directly on the microscope ocular. In dry and wet fragments cortex transmittance through the 
first algal layer was 14±2% and 22±3% of the PPFD, respectively, when passing through an 
empty glass covered with the adhesive. Furthermore the algal layer thickness in the lichen 
thalli and in the culture discs was measured (Table 1). In the first case the measurements were 
performed directly on a subset of confocal acquisitions (see above; n = 6) using the measuring 
tool of the program Nikon EZ-C1 FreeViewer, whereas in the second case they were 
performed at the light microscope on sections (10 μm thick) of culture disc fragments (4x3 
mm) embedded in Technovit 7100 resin (Heraeus-Kulzer, GmbH). 
The relative water content (% RWC) of lobes was calculated as (FWt −DW)/DW × 100, 
where FWt  is the sample weight after each treatment (t: pre-, post- exposure, recovery) and 
DW is the sample weight after drying for 48 h in silica and 24 h in an oven at 70°C. The water 
potential of fully hydrated (pre-exposure and recovery, n = 6) and desiccated lobes (3% and 
80% RH, n = 3) was measured with a dew-point water potential meter WP4 (Decagon 
Devices Inc., Pullman, Washington, USA) as detailed in Nardini et al. (2013).  
 
Statistics 
 
All calculations were performed with Microsoft Office Excel 2003 SP3 (Microsoft 
corporation, WA, U.S.A.) and STATISTICA 6.0 (StatSoft Inc., Tulsa, OK, U.S.A.). A one-
way ANOVA was performed to verify the significance of differences before and after 
exposure and after the recovery period, whereas a factorial ANOVA was performed to test the 
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influence of the environmental descriptors (light and RH) and the "lichenization" on the 
fluorimetric parameters measured in experiment A. A Scheffè's post-hoc test was then applied 
to verify significant differences between datasets. Other statistical analyses were conducted 
applying the non-parametric Mann-Whitney U test, also known as Wilcoxon non-paired test, 
as suggested by Baruffo and Tretiach (2007) and Lazár and Nauš (1998). 
 
Results 
 
ChlaF  
 
The pre-exposure Fv/Fm values of cultured (CT) and lichenized (LT) Trebouxia sp. were 
comprised between 0.633 and 0.708 (both experiments, see Fig. 1 and Fig. 2), confirming that 
the samples were healthy before exposure. 
 
Figure 1 Maximum quantum yield of photosystem II (Fv/Fm) (a,b) and Non Photochemical Quenching (NPQ) (c,d) at 3% RH 
(a,c) and 80% RH (b,d) measured in lichenized (grey bars) and cultured (white bars) Trebouxia sp. before exposure (Pre-), 
after 15-day exposure (Post-) at 0, 40 and 120 μmol photons m-2 s-1 and after 3-day recovery (Rec-) at 20 μmol photons m-2 s-
1
 
and 100% RH with morning and evening watering. Values are means ± 1 standard deviation; significant differences (One-
way ANOVA, Scheffé’s post-hoc test) against Pre- and Post-values for P-val < 0.05 are marked a and b, respectively, 
whereas for P-val <0.001 they are marked aa and bb (n = 10 in a,b; n = 5 in c,d). 
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After the 15-day long exposure of exp. A, ChlaF emission was impaired. Fv/Fm of LT 
decreased proportionally to PPFD at both %RHs values (Fig. 1), although the decrement was 
significantly more pronounced at 3% RH (-60%) than at 80% RH (-30%; see Fig. 1) at the 
highest PPFD. Fv/Fm of CT also decreased proportionally at 3% RH, but apparently not at 
80% RH, for the pronounced decrease observed in the dark-exposed samples. Light was 
actually the most important factor affecting Fv/Fm,, with an F value almost ten times higher 
than the other factors (Table 3). NPQ changed significantly (p-val < 0.001) in CT but not in 
LT. In the former, NPQ decreased proportionally to PPFD at 3% RH whereas at 80% RH an 
intense decrease was observed only at the highest PPFD (p-val < 0.001, Fig. 1 d). In this case 
the principal factor influencing NPQ was lichenization, immediately followed by RH and 
light (Table 3). 
The recovery period allowed a general re-establishment of standard ChlaF emission. 
Lichenized Trebouxia recovered Fv/Fm totally at both %RH values, confirming that no 
permanent damage had occurred to the photosynthetic apparatus. Interestingly, the post-
recovery NPQ values were higher than the pre-exposure ones, but the increase was 
proportional to PPFD only in the samples exposed at 3% RH (see Fig. 1). Cultured Trebouxia 
recovered the pre-exposure values of Fv/Fm and NPQ (see Fig. 1 c-d), and at 3% RH, in 
particular, the increasing trend was the same observed in LT.  
Table 3 Multifactorial ANOVA (General Linear Model) for maximum quantum yield (Fv/Fm) and non 
photochemical quenching (NPQ) measured in lichenized (LT) and cultured (CT) Trebouxia sp. after 15-day 
exposure at 0, 40 and 120 µmol photons m-2 s-1 and at 3% and 80% RH. The factors (Source) influencing Fv/Fm 
and NPQ are lichenization (LT = yes; CT = no), air relative humidity (RH) and light (PPFD). Source influence: 
*, significant, P < 0.05; **, extremely significant, P < 0.001. 
     
   Fv/Fm  NPQ  
           
           
 Source  d.f. F P  d.f. F P  
           
           
 Lichenization  1 17.079 <0.001**  1 46.101 <0.001**  
 RH  1 5.958 0.016*  1 21.753 <0.001**  
 PPFD  2 151.659 <0.001**  2 14.489 <0.001**  
 Lichenization × RH  1 18.202 <0.001**  1 6.931 0.011*  
 Lichenization × PPFD  2 1.512 0.225  2 4.345 0.018*  
 RH × PPFD  2 19.931 <0.001**  2 2.639 0.082  
 
Lichenization × RH × 
PPFD  2 4.383 0.015*  2 2.639 0.082  
 Error  108    48    
 Total  119    59    
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The extension of the exposure period at 3% RH (exp. B) caused an increasing photo-
inhibition over time in both light-exposed LT and CT (Fig. 2). Fv/Fm decreased more in LT 
than in CT, with total zeroing after 45 days. Fv/Fm of CT suffered a strong decrease, too (final 
median: 0.192, see Fig. 2). The exposure in the dark did not cause any statistically significant 
decrement of Fv/Fm in both LT and CT (Fig. 2b). 
Also in this case, NPQ showed a different trend in LT vs. CT: a significant decrement 
was observed after 15 days in both light-exposed LT and CT but it became more intense over 
time only in CT (see Fig. 2). In the dark, after 30 and 45 days, a significant decrement was 
observed in CT but, not in LT. 
In this experiment, the recovery period allowed only a partial re-establishment of ChlaF 
emission. After 30 and 45 days, the dark-exposed samples recovered pre-exposure Fv/Fm 
values whereas the light-exposed ones did not. In the latter case, LT was less efficient than 
CT (Fig. 2). On the contrary, LT could totally recover the NPQ activity, whereas CT 
recovered only partially, at both dark- and light-regime (see Fig. 2).  
 
 
Figure 2 Maximum quantum yield of photosystem II (Fv/Fm) (a,b) and Non Photochemical Quenching (NPQ) (c,d) at 120 
(a,c) and 0 (b,d) μmol photons m-2 s-1 measured in lichenized (grey bars) and cultured (white bars) Trebouxia sp. before 
exposure (Pre-), after exposure (Post-) of 15, 30 and 45 days at 3% RH and after 24h of recovery (Rec-) at 20 μmol photons 
m-2 s-1
 
and 100% RH with morning and evening watering. Values are means ± 1 standard deviation; significant differences 
(Mann-Whitney U test) against Pre- and Post-values for P-val < 0.05 are marked a and b, respectively (n = 4-6). 
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Histochemical localization of ROS 
 
Before exposure, ROS were detected only in a small percentage of cells in both LT and 
CT (Table 4), being mostly restricted to the cytoplasm; only when particularly intense, ROS 
were observed also in the central portion of the chloroplast in correspondence to the pyrenoid 
(Fig. 3). In the LT samples ROS was generally observed also in the mycobiont cells, 
particularly in the paraplectenchymatous upper cortex, in the melanized lower cortex and in 
the appressoria, i.e. the specialized hyphal cells in physical contact with single photobiont 
cells (Fig. 3). No reaction was observed in the aerial medullar layer (Fig. 3).  
 
Figure 3 Micrographs of Parmotrema perlatum (a, e-g, k-m) cross sections and Trebouxia sp. cultures (c, h-j, n-
p) stained with DCFH-DA and observed at the confocal laser scanning microscope before exposure (a,c), after 
15-day exposure (e-j) at 0 (e,h), 40 (f,i) and 120 (g,j) μmol photons m-2 s-1at 3% RH and, respectively, after 3-
day recovery at 20 μmol photons m-2 s-1 and 100% RH with morning and evening watering (k-p). Green signal 
emitted by DCF, red signal by chlorophyll a after an excitation with lasers at λ = 488 and 637 nm, respectively. 
In b, cross section of a lichen lobe with ROS diffused in both photobiont and mycobiont cells (arrows: 
pyrenoids). In d, Trebouxia sp. mature cells observed at the light microscope (differential interference contrast). 
Bar = 15 µm in a, e-g, k-m; bar = 30 µm in b-d, h-j, n-p. 
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After exposure, ROS increased proportionally in LT from 0 to 120 µmol photons m-2 s-1 
to a maximum of four times as much the value of the pre-exposure samples (p-val<0.05, 
Table 4), whereas in CT samples ROS production was differently influenced: it increased 
statistically after the exposure, with the exception of low-PPFD-exposed samples at 80% RH 
(see Table 4): in this case light induced only a slight increase of ROS which was not, however, 
statistically significant (see Table 4). Air humidity was never influential. 
In the LT samples the recovery period allowed only a partial reduction of ROS, whose 
presence remained relatively frequent in PPFD-exposed samples at both %RH values (see 
Table 4). On the contrary, the CT samples had a ROS production very similar to the post-
exposure one(s), with two exceptions: dark-exposed at 3% RH, which recovered totally, and 
low PPFD-exposed at 80% RH, in which the percentage of cells with ROS production 
increased (see Table 4).  
Table 4 Percentage of lichenized (LT) and cultured (CT) Trebouxia sp. cells producing ROS (%Rc) before 
exposure (Pre-), after 15-day exposure (Post-) at 3% and 80% RH and at 0, 40 and 120 μmol photons m-2 s-1 
(PPFD), and after 3-day recovery (Rec-) at 20 μmol photons m-2 s-1 and 100% RH with morning and evening 
watering. Values are means ± standard error; significant differences (Mann-Whitney U test) against Pre- and 
Post-values for P-val < 0.05 are marked a and b, respectively. Significant differences of 120 PPFD against 40 
PPFD and 0 PPFD are marked 1 and 2, respectively (n = 3).  
           
  Pre-  Post-     Rec-  
           
  % Rc  % RH PPFD  % Rc  % Rc  
           
 LT 7 ± 4  3 0  9 ± 5  15 ± 7  
    " 40  18 ± 8  28 ± 2a  
    " 120  32 ± 4a,1,2   26 ± 3a  
    80 0  5 ± 2  12 ± 6  
    " 40  16 ± 4  13 ± 3  
    " 120  33 ± 4a,1,2  23 ± 6a  
           
 CT 12 ± 5  3 0  37 ± 8a  10 ± 5  
    " 40  57 ± 14a  45 ± 15a  
    " 120  55 ± 10a  63 ± 16a  
    80 0  39 ± 12  37 ± 13a  
    " 40  17 ± 7  69 ± 12a,b  
    " 120  50 ± 12a,1  50 ± 6a  
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Discussion 
 
In this study the influence of lichenization on the desiccation tolerance of a Trebouxia 
photobiont in lichenized and cultured conditions was tested under increasing photo-oxidative 
conditions at different environmental moisture regimes. A lichen lobe is functionally different 
from the Trebouxia culture adopted for this experimentation (Fig. 3) [Supplementary 
Information]. Nonetheless this comparison offers some results that are indisputable and 
interesting, because they suggest new hypotheses on the mutual benefits of the two partners. 
Experiment A showed that light was the environmental factor with the most negative 
effects on sample vitality at both desiccation regimes. Consistently with earlier studies 
(Solhaug and Gauslaa, 1996; Gauslaa et al., 2012), light induced a photo-inhibitory effect 
proportional to the illumination regime in both LT and CT. It is important to note that the 
light intensity was not the same for LT and CT, due to the presence of the thalline upper 
cortex in LT, with its shielding effect (Dietz et al., 2000; Kosugi et al., 2010). 
Notwithstanding the low PPFD to which LT was actually exposed, LT showed an increased 
"oxidative burst" upon rehydration. This phenomenon had already been observed in lichens 
(Weissman et al., 2005; Catalá et al., 2010) and in mosses (Minibayeva and Beckett, 2001, 
Cruz de Carvalho et al., 2012), but the influence of the illumination in the time span prior to 
rehydration had never been tested before. Protracted periods under photo-oxidative conditions 
cause an inevitable impairment of the antioxidant machinery (Kranner et al., 2005, 
Vráblíková et al., 2005) that, in the most extreme cases, can leave the cells unprotected 
against the subsequent oxidative burst derived from the sudden metabolism reactivation 
(Weissman et al., 2005). This scenario agrees with our experimental evidence since after a 
period under photo-oxidative conditions the number of algal cells affected by oxidative burst 
significantly increased (Table 4). The same behaviour was observed in the fungal cells of the 
upper cortex but not in the cells of the medulla, probably because the cortical layers are 
hydrophilic, whereas the medulla is hydrophobic (Honegger, 1991) for the deposition of 
lichen substances on the hyphal cell walls (Scherrer et al., 2000) that prevent DCFH-DA 
diffusion into the cells (data not shown). By contrast, the ROS production in CT was caused 
proportionally more by desiccation than by light because an oxidative burst was observed also 
in dark exposed samples. In agreement with the results of Kranner et al. (2005), that will be 
further discussed below, this suggests the hypothesis that CT is more vulnerable than LT to 
the oxidative stress caused by desiccation.  
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Interestingly, the LT samples in equilibrium at 80% RH could mitigate the negative 
effect of light on the photosynthetic apparatus. This result is consistent with the findings of 
Gauslaa et al. (2012), who observed the same phenomenon in two other chloro-lichens, 
Lobaria pulmonaria and Platismatia glauca. A possible explanation can be found in the 
quantity of water still present, that is small (Table 2) but evidently sufficient to permit a 
minimal metabolic activity (Lange et al., 1990; Nash et al., 1990). We hypothesize that some 
protection mechanisms were partly functioning during the exposure period. This hypothesis is 
reinforced by the recent experimental evidence of Fernández-Marín et al. (2013), who 
demonstrated that an enzymatic activity is actually detectable in a moss with a RWC similar 
to the one measured in our LT samples. However, it is noteworthy that the mitigating effect 
due to the equilibrium with high %RH was not sufficient to avoid photo-inhibitory 
phenomena in CT. Our study indeed showed, on a statistical ground (Table 3), that 
lichenization has a clear influence on the algal partner. In fact, the NPQ behavior of CT was 
always different from that of LT, with CT showing more pronounced decrements in response 
to light intensity and exposure length. Notoriously, NPQ is related to the xanthophyll cycle 
activity (Gilmore et al., 1994; Müller et al., 2001). The differences between CT and LT in this 
parameter match those observed by Kranner et al. (2005), who demonstrated that the 
antioxidant machinery and the xanthophyll cycle activity of a lichenized alga provide a better 
protection against photo-oxidative stress than that of the isolated one. According to Kosugi et 
al. (2013) the increased NPQ occurring in a desiccated photobiont (Heber et al., 2007; Heber 
et al., 2008) benefits from an apparent movement of arabitol from the mycobiont to the 
photobiont that might occur in the de-hydration phase. 
Experiment B was specifically arranged to test the extent of CT desiccation tolerance by 
augmenting the exposure period. This experiment demonstrated that Trebouxia is not as 
"delicate" as generally reckoned. It survived to a desiccation period of 45 days under photo-
oxidant conditions, although it suffered an increased photo-inhibition over time. Interestingly, 
the performance showed by our Trebouxia was comparable to that of six desiccation-tolerant 
green algae isolated from soil-crusts of desert environments (Gray et al., 2007), and subjected 
to experimental conditions very similar to those applied in this study. On the other hand, LT 
showed a worse recovery performance than CT was. This was possibly due to the loss of 
vitality of the mycobiont, that could have further impaired the recovery capacity of the 
photobiont. After 30 days under light exposure, and even more after 45 days, the lichen lobes 
showed bleaching of the upper cortex and became brittle. Both phenomena were not observed 
in the dark exposed samples. Bleaching of the upper cortex due to light exposure is commonly 
related to a loss of photosynthetic pigments by the photobiont layer (Gauslaa and Solhaug, 
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2000). In this case, however, the rehydration of samples revealed the typical bright green 
color of a healthy algal layer, and not the expected brownish color caused by the 
transformation of chlorophylls into phaeophytins.  
All together, our results suggest that the weak partner of this lichen symbiosis is the 
mycobiont, not the photobiont. This is in good agreement with the known ecology of the 
lichen. Parmotrema perlatum is rather hygrophilous (Nimis and Martellos, 2008) and in this 
case the samples were collected in a woody habitat with high moisture and frequent dew 
events (Carvalho, 1996). For these reasons this lichen is neither adapted to withstand long 
periods of drought nor to face high PPFD for several hours a day. By contrast, the better 
desiccation tolerance of Trebouxia sp. suggests that this might be the photobiont of lichens of 
drier habitats, a hypothesis that certainly deserves further research. 
In conclusion, this study confirmed that light is a particularly important environmental 
factor for Trebouxia in both its isolated and lichenized state. Furthermore, it was 
demonstrated that the symbiosis acts positively on the algal partner by increasing its photo-
protective mechanisms. However, under our relatively mild experimental conditions, this 
influence was not determinant for the survival of the algal partner. As a matter of fact, a free-
living Trebouxia can withstand even protracted periods of photo-oxidative stress by itself. We 
cannot exclude, though, that the diffusion of the free-living alga in natural habitats might be 
eventually limited by high-light regimes, if harsher than those applied here. The results of this 
study allow to consider the influence of the mycobiont on the algal partner also from another, 
even more stimulating perspective. The lichenized Trebouxia had a performance very similar 
to that of the isolated counterpart that had been grown on a culture medium rich of all the 
inorganic and organic nutrients required for its best development (Ahmadjian, 1993). This 
could mean that the mycobiont is capable to recover and to provide to its partner all the 
mineral and organic nutrients essential to a sub-optimal growth, and this even though it occurs 
in a relatively nutrient-poor environment (Carvalho, 1996). To date, the movement of solutes 
from the mycobiont to the photobiont has not been fully circumstantiated yet (Nash, 2008), 
but there are several other cases of fungal symbioses in which this exchange is well known, 
e.g. in mycorrhiza (Govindarajulu et al., 2005), and it occurs to such a great extent to be 
fundamental for the survival of entire biomes (Malloch et al., 1980).  
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Supplementary Information 
 
S1. Air temperature (°C) and air relative humidity (RH, %) inside the dryers at 0 (−, ∙∙∙) and 120 μmol photons 
m-2 s-1 (− −, ∙ − ∙), during the experiment A exposure of lichenized (a, c) and cultured (b, d) Trebouxia sp. at 3% 
RH (a, b) and at 80% RH (c, d).  
S2. Mean temperature (T), relative air humidity (RH) and relative air humidity at the equilibrium (RHe) during 
15-day exposures of lichenized (LT) and cultured (CT) Trebouxia sp. samples at 3% and 80% RH and at 0 and 
120 µmol photons m-2 s-1 PPFD. 
         
  % RH PPFD  T (°C) RH (%) RHe (%)  
         
         
 LT 3 0  22.0 ± 1.1 3.2 ± 9.5 0.6 ± 2.0  
 " " 120  22.7 ± 1.2 3.4 ± 9.4 1.0 ± 2.7  
 
   
  
   
 " 80 0  21.8 ± 0.9 80.3 ± 3.8 80.4 ± 0.8  
 " " 120  23.1 ± 1.5 77.6 ± 4.7 77.3 ± 2.6  
 
   
  
   
 CT 3 0  19.9 ± 0.2 10.5 ± 24.4 0.6 ± 0.9  
 " " 120  22.3 ± 1.5 18.5 ± 29.7 4.4 ± 0.8  
 
   
  
  
 
 " 80 0  19.5 ± 0.1 81.5 ± 0.2 81.5 ± 0.2  
 " " 120  21. 5 ± 1.4 81.7 ± 6.5 78.3 ± 3.4  
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S3. Micrographs of Parmotrema perlatum (a,b, e-g, k-m) cross sections and Trebouxia sp. cultures (c, h-j, n-p) 
stained with DCFH-DA and observed at the confocal laser scanning microscope before exposure (a,c), after 15-
day exposure (e-j) at 0 (e,h), 40 (f,i) and 120 (g,j) μmol photons m-2 s-1 at 80% RH and, respectively, after 3-day 
recovery at 20 μmol photons m-2 s-1 and 100% RH with morning and evening watering (k-p). Green signal 
emitted by DCF, red signal by chlorophyll a after an excitation with lasers at λ = 488 and 637 nm, respectively. 
Cross sections of Parmotrema perlatum (b) and Trebouxia sp. culture disc (d) observed at the light microscope. 
Bar = 15 µm in a, e-g, k-m; bar = 30 µm in b-d, h-j, n-p. 
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Summary 
 
A transcriptomic approach has been applied to one of the most common lichen 
photobiont to deepen our knowledge on gene expression during the dehydration and 
rehydration phases of this poikilohydric organism. 
The photobiont was isolated from the lichen Flavoparmelia caperata (L.) Hale and was 
molecularly and ultrastructurally identified as Trebouxia gelatinosa Archibald. The RNA was 
extracted from thirty-day old, fully hydrated axenic colonies (the control sample), from 
colonies which had been dehydrated for 10 hours in dim light, and from colonies which, after 
dehydration, were rehydrated for 12 hours in dim light. The extracted mRNA was subjected to 
transcriptome shotgun sequencing (2 × 100 bp), producing a total of 250 millions fragments 
which were de novo assembled. The resulting 19 601 putative transcripts were used for the 
subsequent analysis of gene expression. 
The transcriptome profile of the dehydrated T. gelatinosa is very similar to the control 
one, whereas main changes occur during the metabolism reactivation after rewetting. 
A highly diversified family of 13 Desiccation-Related Proteins has been detected and 
phylogenetically analysed. General remarks on the observed differences between this 
aeroterrestrial green alga and other poikilohydric photoautotrophs are given. 
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Introduction 
 
Poikilohydric plants are able to colonize very harsh environments like hot and cold 
deserts, rock surfaces or tree barks thanks to their ability to survive extreme desiccation states, 
and recover full metabolic activity within minutes to hours following rewetting (Lidén et al. 
2010). This ability is commonly known as desiccation tolerance. It is documented in 
cyanobacteria (Büdel, 2011), aeroterrestrial micro-algae (Trainor and Gladych, 1995; 
Holzinger and Karsten, 2013), intertidal algae (Büdel, 2011), bryophytes (Richardson and 
Richardson, 1981; Proctor, 1990; Proctor et al., 2007) and a few vascular plants (Proctor and 
Tuba, 2002), the so-called resurrection plants. It also occurs among eterotrophic organisms, 
e.g. tardigrades (Wright, 2001), nematodes (Treonis and Wall, 2005), and arthropodes 
(Kikawada et al., 2005). Among fungi (Mazur, 1968), those lichen-forming are almost all 
desiccation tolerant organisms (Kranner et al., 2008).  
Desiccation tolerance involves several essential adaptations to withstand the anatomical, 
physiological and biochemical alterations caused by water loss. The most important are (i) the 
accumulation of compatible solutes (polyols and sugars) to preserve the cell ultrastructure and 
to maintain the tertiary structure of biomolecules (Alpert, 2006), (ii) the synthesis of 
antioxidant substances (e.g. ascorbic acid, gluthathione, etc.) and ROS scavenging enzymes 
(Kranner et al., 2002), and (iii) the synthesis of macro-molecules such as late embryogenesis 
abundant proteins (LEA) and heat shock proteins (HSP) (Buitink et al., 2002). All the most 
recent advances in understanding desiccation tolerance in phototrophic organisms derive from 
the research conducted on resurrection plants (Collett et al., 2003; Collett et al., 2004; Le et 
al., 2007; Rodriguez et al., 2010; Gechev et al., 2013; Mitra et al., 2013), seeds (Farrant and 
Moore, 2011), and mosses (Oliver et al., 2004; Oliver et al., 2009). Lichens and their separate 
myco- and photobionts (green algae and/or cyanobacteria) have been less important from this 
point of view, with only few works mostly focusing on the protection mechanisms of the 
photosynthetic apparatus (Demmig-Adams et al., 1990; Heber, 2008; Kosugi et al., 2013) or 
on the control of oxidative damage (Kranner et al., 2008).  
Recently, the 'omics' technologies have brought important advantages in the study of 
biological processes, such as the identification of the genes involved in the interactions 
between lichen symbionts (Wang et al., 2014), but in lichens they have not yet been employed 
extensively in the field of desiccation tolerance. Aubert et al. (2007) found that the metabolic 
processes occurring during dehydration play a key role on the reviviscence of lichens upon 
rehydration. Junttila and Rudd (2012) instead characterized the transcriptome of the lichen 
Cladonia rangiferina and, more recently, Junttila et al. (2013) studied the changes in gene 
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expression during dehydration and after rehydration. They discovered that these events affect 
hundreds of genes, thus differently shaping the gene expression profiles of dehydrated and 
rehydrated lichens. Consistent with these findings in the first and sole proteomic study on 
desiccation-tolerance of a lichen photobiont, Gasulla et al. (2013) showed that in the green 
alga Asterochloris erici this ability is achieved by a constitutive mechanism that employs 
rehydration-induced changes in gene expression.  
The development of the so-called second-generation sequencing instrumentation, which 
permits to obtain millions of sequences for a single analysis, has allowed to extend the 
transcriptomic approach to non-model vascular plants (Wang et al., 2010; Fu et al., 2011; 
Garg et al., 2011). The transcriptional profiles already characterized for poikilohydric 
phototrophs are those of the dicot Craterostigma plantagineum (Rodriguez et al., 2010), the 
monocots Xerophyta humilis (Collett et al., 2003; Collett et al., 2004) and Haberlea 
rhodopensis (Gechev et al., 2013), the mosses Tortula ruralis and Physcomitrella patens 
(Oliver et al., 2004; Oliver et al., 2009, Xiao et al., 2011), and the lichen C. rangiferina 
(Junttila et al., 2013). Further studies deal with gene expression during the dehydration 
process of the pteridophytes Selaginella lepidophylla (Iturriaga et al., 2006), S. tamariscina 
(Liu et al., 2008), and the grass Sporobolus stapfianus (Le et al., 2007). 
Here we describe the de novo assembly of the first complete transcriptome for a lichen 
photobiont belonging to the genus Trebouxia Puymaly. The choice of this organism, 
Trebouxia gelatinosa, is due to the fact that the genus Trebouxia is present in about half of the 
estimated 15 000 chlorolichens known so far, which makes it the most common and widely 
distributed aeroterrestrial micro-algal genus in the world (Ahmadjian, 2004). The variation of 
gene expression profiles was further analyzed in axenically grown cultures kept fully 
hydrated, and during dehydration and rehydration events, in order to define the biological 
mechanisms involved in the desiccation tolerance of this alga. 
 
Results 
 
High throughput sequencing, de novo assembly and annotation of T. gelatinosa 
transcriptome 
The output of the Illumina paired-end sequencing of the three T. gelatinosa multiple 
samples is summarized in Table 1. The overall de novo transcriptome assembly performed 
with Trinity generated 19 601 non-redundant contigs. Forty contigs were identified as 
originated from mitochondrial, plastidial or ribosomal RNAs and were therefore discarded.  
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Table 1 Sequencing and trimming statistics of Trebouxia gelatinosa transcriptomic analysis. 
 Reads number Average length (bp) Sequenced data (Gbp) 
Raw data 
    C 92 783 850 100 9.3 
D 90 569 258 100 9.1 
R 60 409 470 100 6.0 
Total 243 762 578 100 24.4 
    After trimming 
    C 90 464 518 97.6 8.8 
D 88 336 044 97.6 8.6 
R 58 604 069 97.6 5.7 
Total 237 404 631 97.6 23.0 
      C = control; D = dehydrated; R = rehydrated. 
Our de novo transcriptome assembly led to the annotation of 13 648 putative transcript 
models. Based on the ORF integrity analysis (Figure S1), which underestimates the extent of 
correct reconstruction of full-length transcripts due to inter-species sequence divergence, 
about half of the predicted transcript models were full-length. Though, a relevant fraction still 
corresponded to fragmented mRNAs encoding for incomplete proteins. This can be explained 
by local regions of insufficient coverage, the difficult assembly of transcripts originated from 
paralog genes, allelic variants and alternatively spliced transcripts but, above all, by the 
challenges given by the high compactness of Trebouxia genomes, leading to the frequent 
overlap of genes which, in turn, leads to the generation of a high number of chimeric contigs 
in the assembly process (Figure S2). Therefore, considering the results of the integrity 
analysis, and the almost null sequence redundancy (Table 2), we estimate that the 13 648 
annotated ORFs of T. gelatinosa likely correspond to c. 10 000 genes.  
Table 2 De novo assembly and annotation statistics of Trebouxia gelatinosa transcriptomic analysis. 
  Number of non-−redundant assembled contigs 19 601 
Total number of ORFs identified 13 648 
Average contig length 1 605 bp 
Contigs N50 3 594 
Contigs longer than 5 Kb 1 261 
Longest assembled contig 31 749 bp 
Number of residual chimeric contigs* 3 509 
Mapping rate (contigs) 82.49 % 
Average ORF length 1 261 bp 
Longest ORF 26 346 bp 
Mapping rate (ORFs) 47.17 % 
Sequence redundancy (non-specific matches) 0.57 % 
ORFs with BLAST matches (UniProtKB/SwissProt) 7 311 (53.6 %) 
ORFs with PFAM annotation 7 976 (58.4 %) 
ORFs with eggNOG annotation 5 941 (45.5 %) 
ORFs with Gene Ontology Cellular Component annotation 5 725 (41.9 %) 
ORFs with Gene Ontology Biological Process annotation 5 497 (40.3 %) 
ORFs with Gene Ontology Molecular Function annotation 5 576 (40.9 %) 
  *chimeric contigs are identified as those comprising more than one ORF (Open Reading Frame). N50 = N50 contig set is calculated by 
summarizing the lengths of the longest contigs until 50 % of the total assembly length is reached. The minimum contig length in this set is the 
number that is usually used to report the N50 value of a de novo assembly. 
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This number is not far from those observed in the complete genome of other 
Trebouxiophyceae (Table 3), suggesting that the coverage applied in our RNA-sequencing 
was adequate to obtain a nearly-complete collection of T. gelatinosa transcriptome.  
Table 3 Number of three other Trebouxiophyceae predicted protein models showing significant similarity 
(tBLASTn similarity e-value cutoff 1 × 10-5) to Trebouxia gelatinosa and percentage. 
 Predicted protein models 
 Total similar to T. gelatinosa Ratio (%) 
    Asterochloris sp. 7 159 6 233 87.1 
Chlorella variabilis 9 791 7 426 75.8 
Coccomyxa subellipsoidea 9 629 7 173 75.1 
    
 
Global effect of the dehydration/rehydration cycle on transcriptional profiles 
Overall 11 502 transcripts, corresponding to 84.27 % of the total, displayed a stable 
expression level throughout the whole dehydration/rehydration cycle (group 5 in Table S1). 
The Figure S3 displays the 302 genes (2.21 % of the total) perturbed in both processes 
(groups 1, 3, 7 and 9 in Table S1). While for some transcripts there is a progressive increase 
or decrease in gene expression during the dehydration and the subsequent rehydration (groups 
1 and 9), the vast majority shows a contrasting behavior (groups 3 and 7). Both dehydration 
and rehydration modified the gene expression of T. gelatinosa, with a perturbation of 4.8 % 
and 13.1 % out of the total number of annotated genes, respectively, highlighting a more 
prominent effect triggered by rehydration (Figure 1b). 
The Kal’s Z-test on proportions revealed 655 genes differentially expressed following 
dehydration (361 up-regulated and 294 down-regulated) (Figure 2a) and 1 793 genes 
differentially expressed in the comparison of rehydrated vs. dehydrated samples (840 and 953 
genes, whose expression increased or decreased, respectively; Figure 2b). 1 383 genes were 
also found differentially expressed in the comparison of rehydrated vs. control samples 
(Figure S4), with an important overlap (65.8 %) with the previous comparison, due to the 
relatively high similarity of control and dehydrated expression profiles, as evidenced by 
Figure 1. These modifications, in particular those occurring during rehydration, can be 
extremely significant in terms of fold change (Table 4) and also involve highly expressed 
genes typical of fundamental biological processes (Table 5).  
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Hypergeometric tests on annotations 
The information gathered from the 
Trinotate annotation of the predicted gene 
models was exploited for the identification 
of the main biological pathways influenced 
by dehydration and by the following 
rehydration process, separating gene sets 
displaying opposite trends of expression, 
using a hypergeometric test on annotations. 
The PFAM domains, Gene Ontology terms 
and eggNOG assignments over-represented 
in each gene set are shown in Table 6 and 
Table S2. 
 
Expression of genes and gene families 
related to desiccation tolerance modified 
by dehydration or rehydration 
 
Response to DNA damage - There was 
significant up-regulation following 
dehydration of nine T. gelatinosa genes 
involved in DNA repair, including 4 DNA 
helicases and 2 polymerases, which might 
play a role in single-strand breaks repair. 
Molecular chaperones - No significant 
variation in the expression of HSPs during 
dehydration was observed. On the contrary 
the expression of various classes of HSPs, 
including HSP70, HSP20, clpB 
chaperone/HSP100, HSP40/DNAJ, the co-
chaperones GrpE and peptidyl prolyl cis-trans isomerase significantly increased following 
rehydration. The PFAM domain PF00012 (HSP70 protein) was identified by the 
hypergeometric test as over-represented in the up-regulated genes set (Table 6). 
Figure 1 Principal Component Analysis and Hierarchical 
Clustering of control, dehydrated and rehydrated samples of 
Trebouxia gelatinosa. Principal Component Analysis is based 
on normalized gene read counts (a) and Hierarchical 
Clustering is based on Euclidean distance and average linkage 
on log2 normalized gene reads counts (b). 
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Table 4 List of the 10 Trebouxia gelatinosa genes showing the highest proportion fold change (FC) values in the 
dehydrated vs control and rehydrated vs dehydrated comparisons. 
Description Proportional FC 
Dehydrated vs control   
 Over-expressed   
   
 DRP5 18.73 
 
Glycosyltransferase-like protein (DUF604 
domain containing) 16.68 
 Unknown 15.79 
 T-complex protein 11-like 12.95 
 Unknown 12.45 
 Unknown 10.77 
 Proton phosphate symporter 9 
 Unknown 8.26 
 Expansin-like protein 7.47 
 3-oxoacyl ACP synthase 6.92 
     
 Under-expressed  
   
 
Phosphatidylcholine-sterol O-
acyltransferase -11.64 
 Cold-regulated protein -8.46 
 Unknown -8.44 
 Histone H2A -8.17 
 Beta-lactamase like -8.13 
 
PRLI-interacting factor L (cobalamin 
biosyntheis related protein) -7.68 
 Unknown -7.05 
 Unknown -6.88 
 Class I amidotranferase-like protein -5.97 
 Unknown -5.76 
     Rehydrated vs dehydrated   
 Over-expressed   
   
 
Proteasome activator complex subunit 4-
like 33.89 
 Unknown 21.18 
 
Proteasome activator complex subunit 4-
like 18.99 
 Unknown 17.82 
 Putative golgin 15.84 
 Unknown 13.81 
 Unknown 13.44 
 Unknown 13.43 
 Putative exosome subunit 13.27 
 Unknown 12.44 
     
 Under-expressed   
   
 DRP5 -97.85 
 Unknown -22.32 
 Iron permease FTR1 -17.92 
 Calmodulin-binding transcription activator -16.22 
 Unknown -11.98 
 Dynein light chain -11.56 
 Unknown -11.12 
 Unknown -9.98 
 MBOAT family protein -9.26 
 K homology domain containing protein -8.89 
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Photosynthesis - Photosynthesis-related genes are the largest class down-regulated 
following the rehydration process: light harvesting (GO0009765), chlorophyll binding 
(GO0016168), photosystem I (GO0009522), and photosystem II (GO0009523) were GO 
terms among those with the best p-value scores in the hypergeometric test (Table 6). This 
remarkable alteration is, in particular, due to the down-regulation of chlorophyll a-b binding 
proteins (PFAM00504, 18 out of 32). 87 % and 63 % of the genes encoding structural 
components of the photosystems I and II, respectively, were strongly repressed, together with 
four out of five components of the photosystem I reaction center. Also six key enzymes of the 
Calvin cycle suffered a relevant down-regulation during rehydration, but were not 
significantly affected by dehydration. Namely, the expression of Rubisco, phosphoglycerate 
kinase, glyceraldehyde 3-phosphate dehydrogenase, phosphoribulokinase, transketolase and 
fructose 1,6-bisphosphatase was reduced by 2 to 2.7 times. 
 
Figure 2 Scatter-plot summarizing the comparison of dehydrated vs control (a) and rehydrated vs dehydrated (b) expression 
profiles of Trebouxia gelatinosa. Log2 normalized expression values (total gene read counts) are plotted on the x (control (a); 
dehydrated (b)) and y (dehydrated (a); rehydrated (b)) axes. Differentially expressed genes identified by the Kal’s Z-test on 
proportions (Bonferroni corrected p-value < 0.01 and proportion fold change > ±2) are marked by red dots. Up-regulated 
genes following dehydration (a) or rehydration (b) are located above the bisector line; down-regulated ones are located 
below. 
Dehydration-responsive Transcription factors - Among the 12 ethylene-responsive 
factors (ERFs) identified in T. gelatinosa, only one showed a positive response to 
dehydration, thus being the most likely candidate as a homolog to Arabidopsis DREB2. This 
ERF transcription factor was strongly up-regulated in response to dehydration (FC = 4.9X) 
and down-regulated after rehydration (FC = -2.8X). Other 7 transcription factors identified by 
the GO annotation 0003700 (sequence-specific DNA binding transcription factor activity) 
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were reported as up-regulated following dehydration, but none of them could be related to 
stress response transcription factors due to high phylogenetic distance. 
Table 5 List of the 30 most expressed genes in control (C), dehydrated (D) and rehydrated (R) samples of 
Trebouxia gelatinosa.  
Description C D R D vs C R vs D 
     
 Major light harvesting complex II 1 1 18   
Cold-regulated protein 2 6 11   
Elongation factor 1 alpha 3 4 8   
Glycine-rich protein 4 5 2   
Rubisco 5 2 20   
Plastocyanin, chloroplastic 6 8 49   
Laminin-like 7 14 22   
Cold-regulated protein 8 11 3   
Mn mitochondrial SOD 9 16 175   
Cyclophylin - peptidyl prolyl cis-trans 10 19 16   
Elongation factor 3 11 3 15   
Major light harvesting complex II, chlorophyll 12 9 128   
Photosystem I, reaction center subunit II 13 42 118   
33KDa oxygen evolving protein of 14 21 9   
Photosystem 2 reaction center W protein 15 31 90   
Heat shock cognate 70 16 68 1   
Tubulin alpha chain 17 7 83   
Cold-regulated protein 18 35 53   
Unknown 19 74 46   
G3PDH 20 10 63   
Cold-shock DNA binding protein 22 12 21   
Chlorophyll a-b binding protein 24 13 91   
Beta-carbonic anhydrase 66 15 99   
Photosystem 2 oxygen evolving enhancer 2 25 17 121   
Unknown 43 18 6   
Fructose bisphosphate aldolase 36 20 61   
HSP90, cytosolic 29 50 4   
HSP20-like 193 249 5   
DRP7 69 29 7   
DRP1 423 65 10   
DNAJ-like protein 86 209 12   
HSP 17.6 167 140 13   
Ribosomal protein 40S s20-2 21 25 14   
clpB chaperone 241 479 17   
Ribosomal protein S8 27 24 19   
      
The rank of expression per sample, defined as the position occupied by each gene when ordered by 
decreasing values from the most to the least expressed, is displayed. The last two columns indicate if the 
expression values are significantly up- () or down-regulated () in the comparisons dehydrated vs control 
(D vs C) and rehydrated vs dehydrated (R vs D). 
Expansins - Two T. gelatinosa α-expansins show very high fold change values (7X and 
4X respectively), both in terms of over-expression following dehydration and under-
expression following rehydration. Although these were not the only expansin-like genes 
expressed in T. gelatinosa, they were the only two which were significantly modulated by 
dehydration. 
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Late Embryogenesis Abundant (LEA) proteins - Only a single dehydrin-like protein was 
identified in T. gelatinosa, and its expression was not significantly altered during the 
dehydration/rehydration cycle. Two further proteins with weak homology to group 3 LEAs, 
which are generally correlated with dehydration, salinity and freezing tolerance, were found 
in T. gelatinosa, but their expression was not significantly affected by the 
dehydration/rehydration cycles. 
Table 6 Summary of the hypergeometric tests on annotations performed on the Trebouxia gelatinosa sets of 
differentially expressed genes in the dehydrated vs control and rehydrated vs dehydrated comparisons.  
 Category ID Description P-value Proportion 
Dehydrated vs control 
 Up-regulated 
      
 eggNOG COG2124 Cytochrome P450 1.15E-03 4/22 
 GO_MF 0003682 Chromatin binding 1.45E-03 6/53 
 GO_MF 0043565 Sequence-specific DNA binding 1.63E-03 5/37 
 GO_MF 0003700 Sequence-specific DNA binding 1.97E-03 8/97 
 GO_MF 0020037 Heme binding 3.26E-03 6/62 
 GO_BP 0006281 DNA repair 4.57E-03 9/141 
 GO_MF 0015293 Symporter activity 5.22E-03 5/48 
 GO_BP 0007018 Microtubule-based movement 9.82E-03 5/58 
      
 Down-regulated 
      
 PFAM PF00107 Zinc-binding dehydrogenase 4.93E-04 4/18 
 PFAM PF00248 Aldo/keto reductase family 6.23E-04 5/33 
 GO_CC 0005788 Endoplasmic reticulum lumen 8.01E-04 5/41 
 PFAM PF08240 Alcohol dehydrogenase GroES-like 1.10E-03 4/22 
      Rehydrated vs dehydrated 
 Up-regulated 
      
 PFAM PF00012 HSP70 protein 1.46E-04 6/14 
 PFAM PF02374 Anion-transporting ATPase 2.45E-04 4/6 
 GO_CC 0005886 Plasma membrane 3.23E-04 54/575 
 GO_BP 0009408 Response to heat 4.28E-04 11/55 
 GO_MF 0004008 Copper-exporting ATPase activity 7.99E-04 4/8 
 GO_BP 0060003 Copper ion export 8.16E-04 4/8 
 PFAM PF00646 F-box domain 2.31E-03 10/54 
 GO_BP 0006508 Proteolysis 2.43E-03 24/211 
 GO_BP 0006754 ATP biosynthetic process 2.74E-03 6/24 
 eggNOG COG1409 Predicted phosphohydrolases 4.45E-03 4/18 
 PFAM PF01425 Amidase 6.35E-03 5/19 
 GO_MF 0003993 Acid phosphatase activity 7.58E-03 5/21 
 GO_MF 0008233 Peptidase activity 7.58E-03 5/21 
 GO_MF 0008270 Zinc ion binding 8.54E-03 41/460 
 GO_MF 0016884 Carbon-nitrogen ligase activity, with 
glutamine as amido-N-donor 
9.33E-03 5/22 
      
 Down-regulated 
      
 GO_CC 0009523 Photosystem II 0.00 17/27 
 GO_CC 0009522 Photosystem I 0.00 20/23 
 GO_CC 0005874 Microtubule 0.00 36/120 
 GO_MF 0016168 Chlorophyll binding 0.00 18/23 
 PFAM PF00504 Chlorophyll a-b binding protein 0.00 18/32 
 GO_BP 0009765 Photosynthesis, light harvesting 1.75E-14 18/21 
 GO_BP 0018298 Protein-chromophore linkage 1.25E-12 17/27 
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 GO_BP 0051301 Cell division 4.17E-12 44/151 
 GO_BP 0007067 Mitosis 6.83E-12 32/103 
 GO_CC 0009535 Chloroplast thylakoid membrane 2.45E-10 36/146 
 GO_BP 0007018 Microtubule-based movement 2.41E-07 18/58 
 GO_BP 0006260 DNA replication 2.82E-07 21/77 
 GO_BP 0006270 DNA replication initiation 5.39E-07 8/12 
 PFAM PF00091 Tubulin/FtsZ family, GTPase domain 1.15E-06 6/7 
 PFAM PF03953 Tubulin C-terminal domain 2.35E-06 5/5 
 PFAM PF13668 Ferritin-like domain 2.80E-05 7/14 
 GO_CC 0005814 Centriole 3.13E-05 9/23 
 eggNOG COG5059 Kinesin-like protein 3.57E-05 10/31 
 GO_BP 0051258 Protein polymerization 3.79E-05 6/10 
 GO_MF 0003774 Motor activity 3.84E-05 7/15 
 GO_MF 0003777 Microtubule motor activity 4.65E-05 14/58 
 GO_MF 0043169 Cation binding 7.18E-05 12/46 
 GO_BP 0019253 Reductive pentose-phosphate cycle 7.78E-05 6/11 
 GO_CC 0005819 Spindle 1.36E-04 11/39 
 PFAM PF00225 Kinesin motor domain 1.74E-04 10/35 
 GO_CC 0005664 Nuclear origin of replication 1.75E-04 4/5 
 GO_CC 0009538 Photosystem I reaction center 1.75E-04 4/5 
 GO_BP 0030174 Regulation of DNA-dependent DNA 1.81E-04 4/5 
 GO_BP 0006268 DNA unwinding involved in 1.81E-04 4/5 
 GO_BP 0007049 Cell cycle 1.88E-04 18/90 
 GO_BP 0006281 DNA repair 2.42E-04 24/141 
 GO_BP 0019252 Starch biosynthetic process 2.52E-04 6/13 
 GO_CC 0035085 Cilium axoneme 3.21E-04 8/24 
 GO_BP 0005983 Starch catabolic process 4.11E-04 6/14 
 PFAM PF00134 Cyclin, N-terminal domain 4.31E-04 5/10 
 GO_BP 0015979 Photosynthesis 8.56E-04 11/47 
 PFAM PF00400 WD domain, G-beta repeat 8.85E-04 24/161 
 GO_CC 0005875 Microtubule associated complex 9.22E-04 9/34 
 PFAM PF03407 Nucleotide-diphospho-sugar 1.19E-03 5/12 
 GO_CC 0005932 Microtubule basal body 1.41E-03 7/23 
 GO_CC 0000785 Chromatin 1.45E-03 5/12 
 GO_CC 0005929 Cilium 1.63E-03 11/51 
 PFAM PF13401 AAA domain 1.82E-03 5/13 
 GO_MF 0003677 DNA binding 1.96E-03 44/392 
 GO_CC 0005858 Axonemal dynein complex 2.20E-03 5/13 
 eggNOG COG0474 Cation transport ATPase 2.40E-03 9/42 
 GO_CC 0009524 Phragmoplast 2.53E-03 6/19 
 GO_BP 0006506 GPI anchor biosynthetic process 2.64E-03 6/19 
 PFAM PF07714 Protein tyrosine kinase 2.81E-03 29/225 
 GO_MF 0015662 ATPase activity, coupled to 3.53E-03 8/36 
 PFAM PF00211 Adenylate and guanylate cyclase 3.58E-03 6/21 
 PFAM PF00150 Cellulase (glycosyl hydrolase family 3.74E-03 5/15 
 GO_MF 0005524 ATP binding 4.19E-03 117/1304 
 GO_CC 0005813 Centrosome 4.75E-03 11/58 
 PFAM PF00350 Dynamin family 6.80E-03 5/17 
 GO_CC 0005615 Extracellular space 7.18E-03 6/23 
 GO_BP 0006812 Cation transport 7.19E-03 8/37 
 GO_CC 0005815 Microtubule organizing center 7.25E-03 7/30 
 GO_MF 0003924 GTPase activity 8.05E-03 11/67 
           
Up- and down-regulated genes were analyzed separately. eggNOG: evolutionary genealogy of genes: Non-supervised 
Orthologous Groups; GO_BP: Gene Ontology Biological Process; GO_CC: Gene Ontology Cellular Component; 
GO_MF: Gene Ontology Molecular Function; PFAM: Protein Family. The proportion column indicates the number of 
differentially expressed genes with respect to the total number of genes annotated with the same term in the entire 
Trebouxia gelatinosa transcriptome. 
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Oxidative stress - No transcripts flagged with oxidative damage-related GO terms, 
eggNOG categories or PFAM domains was found as significantly altered in our experiment 
with the exception of the cytochrome P450 domain (PF13513), as four genes annotated as 
such were up-regulated following dehydration. 
Among the seven T. gelatinosa superoxide dismutase (SOD) homologs, the only one that 
was significantly altered after rehydration was a highly expressed Mn mitochondrial SOD, 
whose expression decreased by -3.8X folds (see also Table 4). The expression of rehydrins, 
described by Oliver (1991) as 1-Cys-peroxiredoxins responsive to rehydration in T. ruralis 
and to dehydration in H. rhodopensis, did not significantly vary in T. gelatinosa. 
 
Desiccation-related proteins (DRPs) - Nine out of 13 transcripts annotated with the 
ferritin-like domain (PF13668) were significantly responsive to at least one of the two 
treatments, by either being up- or down-regulated. All the 13 sequences identified clearly 
pertain to the same multigenic family, usually characterized by a c.170 aa long ferritin-like 
domain, followed by a C-terminal region of variable length without known annotated 
domains, and are to be classified within the desiccation-related protein (DRP) family (see the 
Discussion section). The proteins are mostly secreted, although some are likely targeted to the 
chloroplast, to the mitochondria or to the plasma membrane (Table 7). In particular, DRP5 
showed a very characteristic trend of expression, being the gene with the highest fold change 
value following both dehydration (18.73X) and rehydration (-97.85X). Nevertheless other 
DRPs follow a completely opposite trend (DRP6, DRP13), while the expression of DRP10 
progressively increased during the experiment (for details about expression trends of DRPs 
see Table 7). 
Table 7 Trebouxia gelatinosa Desiccation-Related Proteins with the respective expression values shown as normalized read 
counts, proportional fold change values in the dehydrated (D) vs control (C) and rehydrated (R) vs dehydrated comparisons 
and predicted cellular localization according to TargetP. 
ID Normalized expression values Fold change Cellular localization 
C D R D vs C R vs D 
       Trebouxia_DRP1 8 228 44 044 93 477 5.35* 2.12* Secreted 
Trebouxia_DRP2 1 033 5 754 20 966 5.57* 3.64* Secreted 
Trebouxia_DRP3 2 299 2 370 1 873 1.03 -1.27 Secreted 
Trebouxia_DRP4 3 196 3 623 920 1.13 -3.94* Secreted 
Trebouxia_DRP5 317 5 936 61 18.73* -97.85* Plastidial 
Trebouxia_DRP6 2 012 462 141 -4.35* -3.27* Secreted 
Trebouxia_DRP7 33 096 17 527 7 807 -1.89 -2.24* Secreted 
Trebouxia_DRP8 1 045 1 206 685 1.15 -1.76 Secreted 
Trebouxia_DRP9 1 943 3 075 1 303 1.58 -2.36* Secreted 
Trebouxia_DRP10 11 604 7 479 3 923 -1.55 -1.91 Plastidial 
Trebouxia_DRP11 23 419 11 859 4 941 -1.97 -2.4* Transmembrane 
Trebouxia_DRP12 4 439 4 684 3 489 1.06 -1.34 Secreted 
Trebouxia_DRP13 257 43 41 -5.44* -1.15 Mitochondrial or Secreted 
       
* significant difference in the statistical expression analysis.
                                                                                                                                                        Fabio Candotto Carniel 
47 
 
Others - Overall, about 50 % of the T. gelatinosa transcripts did not show any significant similarity with 
sequences deposited in public databases. Therefore, even though their functions are unknown, they may play 
important roles in dehydration and rehydration. We identified several genes falling outside from the above-
mentioned categories, which are characterized by relevant fold change values and which are likely to be involved 
in these processes. Two proteasome activator complex subunit 4-like, for example, were strongly up-regulated 
after rehydration (Table 5), suggesting that a damage might have affected the photobiont recovery. Some 
symporters were up-regulated following dehydration, such as two aminoacid transporters, one Na/Urea 
symporter, one sulphate transporter, and a proton/phospate symporter, suggesting a role in the maintenance of 
the cell homeostasis during the loss of water. 
 
Discussion 
 
Features of T. gelatinosa transcriptome 
 
To date nine genome sequencing projects are registered at NCBI within the class 
Trebouxiophyceae. Nevertheless, only the genomes of C. subellipsoidea (Blanc et al., 2012), 
Asterochloris sp. (http://genome.jgi.doe.gov/Astpho1/) and C. variabilis (Blanc et al., 2010) 
have been fully sequenced, assembled and annotated; several other projects are still ongoing 
(Auxenochlorella protothecoides, Nannochloris sp., Dictyochloropsis reticulata, Chlorella 
pyrenoidosa and Botryococcus braunii). Concerning Trebouxia, a single genome sequencing 
project targeting Trebouxia 'TR-9' has been deposited in 2012 (Bioproject PRJNA82781), but 
no assembled data are available yet. Most of the 2 965 nucleotide sequences deposited in 
GenBank for Trebouxia (20 for T. gelatinosa) are redundant and mainly represent 
phylogenetic markers (rRNA ITS region, rbcL, etc.), evidencing that the genomic knowledge 
of these unicellular algae is extremely poor. Our de novo RNA-sequencing, assembly and 
annotation of the transcriptome of T. gelatinosa, as well as the collection of transcripts 
expressed under controlled physiological conditions and in response to 
dehydration/rehydration cycles, represent here a fundamental step towards the genomic 
characterization of this organism.  
The 2C nuclear DNA content of representatives of the family Trebouxiophyceae are 
estimated to be comprised between 0.02 pg and 1.06 pg (Kapraun, 2007). The genome size of 
Asterochloris sp., the photobiont of the lichen Cladonia grayi which is phylogenetically 
related to T. gelatinosa, was calculated to be close to the lower end of this estimate by 
quantitative PCR methods (Armaleo and May, 2009). This has been later confirmed by the 
sequencing of its genome, which reached a total length of 56.1 Mbp, indicating a nuclear 
DNA content of approximately 0.057 pg (http://genome.jgi.doe.gov/Astpho1/). The complete 
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genome sequencing confirmed similar sizes of 46.2 Mbp for Chlorella variabilis (Blanc et al., 
2010) and of 49.0 Mbp for Coccomyxa subellipsoidea (Blanc et al., 2012), respectively. Other 
Trebouxiophyceae have smaller genomes: the Nannochloris sp. genome is only of 12.6 Mbp, 
representing one of the smallest ones for free-living eukariotes (Yamamoto et al., 2001). 
The direct consequence of this is a rather high compactness: with 7 159 predicted gene 
models with an average length of 4 549 nucleotides, Asterochloris sp. shows 128 gene models 
per Mbp, meaning that approximately 58 % of its genome is covered by coding genes. The 
shrinking of non-coding intergenic regions is one of the events most commonly observed in 
the compaction of eukaryotic genomes (Williams et al., 2005), with the result of occasional 
transcriptional overlap. This phenomenon, which has been also observed in vertebrates 
(Makalowska et al., 2005; Sanna et al., 2008), becomes progressively more prominent in 
eukaryotic parasites and endosymbionts. Microsporidia and nucleomorphs, for example, 
which produce a large proportion of mRNAs encoding multiple genes or gene fragments 
(Williams et al., 2005), seldom co-transcribed in a polycystronic messengers, similarly to 
prokaryotes (Gilson and McFadden, 1996). 
For these reasons, the presence of a rather high number of chimeric contigs does not 
come as a surprise in T. gelatinosa, whose compact genome is expected to contain a rather 
high number of overlapping genes, especially considering that the overall size of our de novo 
assembly exceeds 30 Mbp, likely accounting for more than 50 % of the total genome size. 
The de novo assembly of transcriptomes meets severe limitations in the correct identification 
of these cases and in the splitting of partially overlapping transcripts, especially when a 
reference genome sequence is missing or an unstranded RNA-seq library preparation protocol 
is used. These two factors represent drawbacks also in our study, making the issue of 
transcriptional overlap in T. gelatinosa particularly problematic. Non-directional sequencing 
reads originated from overlapping exons of different transcripts, either encoded by genes on 
the same or on the opposite DNA strand, are assembled as belonging to a common transcript, 
de facto generating chimeric contigs with multiple ORFs. However, thanks to the analysis of 
the individual coverage of each single transcript, the Jaccard-clip option of the Trinity 
assembler permitted to overcome a relevant number of these mis-assemblies. Nevertheless, 
not all the transcriptional overlapped regions could be efficiently resolved. We estimate that 
almost 2 000 of our contigs comprised multiple ORFs (Figure S2), likely pertaining to genes 
spatially close to each other in the T. gelatinosa genome and whose transcripts are partially 
overlapping.  
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Comparison with other poikilohydric organisms 
 
The dehydration transcriptome of T. gelatinosa is very similar to that of normal growth 
conditions, i.e. to the control, whereas the main changes occur after the reactivation of the 
metabolism due to rewetting (Figure 1). From this point of view, T. gelatinosa is more similar 
to the moss T. ruralis, which relies mainly on constitutive protection mechanisms and on 
damage repair during rehydration, than to resurrection vascular plants, which instead depend 
largely on inducible protection mechanisms during dehydration (Oliver and Bewley, 1997). 
However, in comparison to other poikilohydric organisms, T. gelatinosa seems to exhibit also 
some peculiar traits.  
Severe drought and desiccation generally impose metabolic, mechanical and oxidative 
stress, which are countered by complex protective mechanisms that lead poikilohydric 
organisms to react consequently to the loss of water and hence to switch to the desiccated 
state. Apparently, in T. gelatinosa this process of metabolic shutdown is accompanied by the 
over-expression of a limited number of genes involved in the protection of the cells, the 
majority being constitutively expressed to make the algal cell ready to dry out in any moment. 
DNA and protein repair processes and photosynthesis are of particular interest in this context. 
DNA is the only biomolecule in cells that is steadily maintained and repaired, while all 
other biomolecules such as proteins are degraded in case of damage, followed by de novo 
biosynthesis. In dehydrated conditions, nuclear and mitochondrial plant DNAs can undergo 
substantial damage and modifications due to non-enzymatic cleavage, methylation, oxidation 
and dimerization of nucleotides (Osborne and Boubriak, 1994). Drought-tolerant organisms 
developed protective strategies, which permit the survival of seed and pollen DNA for 
decades or even centuries (Osborne, 2000). In X. humilis, e.g., the DNA repair process is up-
regulated during rehydration. By contrast, in T. gelatinosa this process is over-expressed 
during dehydration. Considering the few reports dealing with DNA repair mechanisms in 
connection to desiccation-derived damage, our preliminary result certainly deserves further 
investigation.  
Cellular dehydration has a severe impact on the integrity of macromolecular structures, 
including membranes and proteins. Heat Shock Proteins (HSPs) are thought to play a 
fundamental role in dehydration by preventing the denaturation of proteins and by avoiding 
their aggregation (Bartels and Sunkar, 2005; Prieto-Dapena et al., 2008); their over-
expression confers increased resistance to drought and high salinity stress in transgenic plants 
(Sun et al., 2001). HSPs in C. plantagineum, H. rhodopensis and T. ruralis are over-expressed 
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in response to early dehydration. In T. ruralis, a particular group called small HSPs (sHSPs), 
that differs from HSP70 in nucleotide sequences, cellular localization and functions (Wang et 
al., 2004), is expressed. These sHSPs have, instead, properties similar to hydrophilins, which 
are ubiquitous proteins rapidly synthesized during dehydration in vegetative tissues and seeds 
of both desiccation-sensitive and resurrection plants (Goyal et al., 2005; Battaglia et al., 
2008). Concerning Trebouxiophyceae, the expression of HSP90 in A. erici increases during 
dehydration and remains higher than controls also during rehydration, but the trend appears to 
be strongly dependent upon the speed of the dehydration process (Gasulla et al., 2013). An 
up-regulation of HSPs after rehydration has also being reported by Junttila et al. (2013) in the 
whole thallus of the lichen C. rangiferina, even though they ascribe this stress to an 
excessively long hydration. In T. gelatinosa the expression of chaperone genes occurred 
exclusively during rewetting, as an indication of a repair mechanism induced after 
dehydration. Nevertheless, this accumulation indicates that these proteins were still required 
also after 12 hours of rehydration, suggesting that they might play a significant role in this 
state. In fact, HSPs are thought to be involved in protecting plant cells against several stresses 
but also in re-establishing the cellular homeostasis (Wang et al., 2004). In particular, the 
presence of HSP70 chaperones, together with their co-chaperones (e.g. DNAJ) makes up a 
cellular machine that assists the protein-folding processes in almost all cellular compartments. 
HSP70 has the essential function of preventing aggregation and assisting refolding of non-
native proteins under both normal and stress conditions. This specific HSP is also involved in 
protein import and translocation processes, and in facilitating the proteolytic degradation of 
unstable proteins by targeting them to lysosomes or proteasomes (Hartl, 1996). In agreement 
to the latter function we observed two transcripts annotated as subunits of the proteasome 
activator complex, which were ranked as the first and third most up-regulated ones, based on 
fold change values (Table 4). 
The shutdown in the expression of photosynthesis-related genes during dehydration is 
widely documented in poikilohydrous phototrophs, and is related to the need of protecting the 
photosynthetic machinery from the excess of light, thus reducing the production of ROS. The 
process is reversible and dependent by the down-regulation of photosynthesis-related genes 
during dehydration, which is generally followed by their up-regulation in rehydration (Collett 
et al., 2003; Liu et al., 2008). By contrast, during the dehydration of T. gelatinosa we did not 
observe this shutdown. So far, this behaviour had never been reported in the literature and 
therefore it will be interesting to verify whether it is present also in T. ruralis, the 
poikilohydric organism whose gene expression is more similar to the analysed Trebouxia.  
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The under-expression of photosynthesis-related genes occurred abundantly during the 
rehydration phase. Similar phenomena are also described in vascular desiccation sensitive 
plants (Oono et al., 2003; Perrone et al., 2012), although the different life strategies make the 
comparison not fully appropriate. To the best of our knowledge, only Rodriguez et al. (2010) 
observed a similar pattern in C. plantagineum in the case of two chlorophyll a-b binding 
proteins. These results need to be analysed with respect to the duration time of rehydration 
(12 hours in our design). As reported by many authors (Häubner et al., 2006; Gray et al., 
2007; Lüttge and Büdel, 2010; Karsten and Holzinger, 2012; Holzinger and Karsten, 2013), 
the photosynthetic recovery of aeroterrestrial microalgae after a period of desiccation is very 
fast, therefore it can be hypothesized that after 12 hours of rehydration T. gelatinosa had 
already rebuilt de novo the proteins requested for its needs, returning to a 'basic' level of gene 
translation.  
An example of similar gene expression in T. gelatinosa and in other poikilohydric 
organisms is given by dehydration-responsive transcription factors. This family specifically 
binds to DRE (drought-responsive elements) cis-acting element (Yang et al., 2009) and is 
divided into two subclasses, based respectively on the regulation of the responsive 
downstream pathways by low-temperature (DREB1) and dehydration (DREB2) (Liu et al., 
1998). Our results are consistent with the observations of Gechev et al. (2013), who found 
genes coding for DREB2 transcription factors exclusively expressed in water-deficient H. 
rhodopensis. Although some of the downstream gene targets of DREB2 are well-known in 
model plants [e.g. dehydrins, see Lee et al. (2013)], the phylogenetic distance between green 
algae and vascular plants complicates a comparative analysis.  
A further example of similarity and dissimilarity between our aeroterriestrial microalga 
and other poikilohydric organisms is the different gene expression pattern of expansins in 
comparison to that of Late Embryogenesis Abundant (LEA) proteins and ROS scavenging 
systems. 
Expansins can significantly improve flexibility of the cell wall by the disruption of non-
covalent bonds between wall polysaccharides (McQueen-Mason et al., 1992). This protein 
family is very well studied in vascular plants (Li et al., 2002), being mainly involved in 
important biological process such as growth, fruit ripening and reproduction (Cosgrove, 
2000). Furthermore it was demonstrated that expansins are responsive also to the cell water 
potential. Jones and McQueen-Mason (2004) reported the over-expression of expansin-like 
genes during dehydration in C. plantagineum and demonstrated their role in permitting the 
cell wall shrinkage while maintaining cellular integrity during dehydration and rehydration 
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events. Cell shrinkage is a typical feature of Trebouxia cells also in the lichenized state 
(Honegger, 1995) and therefore the over-expression of expansin-like genes during 
dehydration supports the occurrence of a protection mechanism involving expansins also for 
aero-terrestrial algae, since these genes are present also in other micro-algae such as 
Asterochloris sp., C. variabilis and C. subellipsoidea. 
LEAs are an interesting example of proteins that are constitutively present but not 
differentially expressed in T. gelatinosa, whereas they are spread – if not even always present 
– in many other desiccation-tolerant plants. LEAs form a heterogeneous class that can be 
subdivided into at least five major groups (Cuming, 1999), with several dozen of distinct 
genes described in vascular plants (Hundertmark and Hincha, 2008; Du et al., 2013; Lan et 
al., 2013). They are diffusely involved in dehydration and desiccation processes (Goyal et al., 
2005; Tunnacliffe and Wise, 2007), and their transcripts are regularly up-regulated in C. 
plantagineum, H. rhodopensis, X. humilis and T. ruralis, although their precise mechanism of 
action is still unclear. Group 2 LEA proteins, best known as dehydrins, in particular, are 
highly hydrophilic molecules involved in the response to different abiotic stresses (Allagulova 
et al., 2003; Hanin et al., 2011). Only few LEAs were identified in T. gelatinosa, namely one 
dehydrin (group 2 LEAs) and two group 3 LEAs. Given their very low gene number and 
unresponsiveness to the hydration state, LEAs do not seem to play a relevant role in T. 
gelatinosa response to dehydration, suggesting that this alga may have developed alternative 
strategies to deal with dehydration stress. The same holds true for scavenging systems against 
ROS and oxidative stress. Reactive oxygen species (ROS) are a major cause of damage 
during desiccation, especially in photosynthetic organisms. ROS are generated in plant cells 
and tissues and are a source of direct cellular damage through nucleic acids and proteins 
denaturation, lipid peroxidation and pigment loss (Smirnoff, 1993; Kranner et al., 2008). In 
particular, an enhanced ROS production and accumulation in chloroplasts can inhibit the 
repair of photosystem II and the synthesis of D1 protein (Allen, 1995). This potentially 
damaging action is countered by the synthesis of non-enzymatic antioxidant molecules and by 
the activity of ROS scavenging enzymes (Kranner and Birtić, 2005). These strategies are 
largely employed by all plants which tolerate desiccation. In spite of what is commonly 
reported in literature (Shirkey et al., 2000; Kranner and Birtić, 2005) and confirmed in C. 
plantagineum, H. rhodopensis, X. humilis and T. ruralis, in T. gelatinosa we did not observe 
an upregulation of genes related to the ROS scavenging systems (either enzimatic or not) in 
both dehydration and rehydration. However, both the above mentioned mechanisms are 
constitutively present in T. gelatinosa, and in some cases with very high expression values, 
like the Mn-superoxide dismutase related gene which
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normal conditions (Table 5). This is a further evidence that T. gelatinosa is always ready to 
cope with unpredictable stress derived from sudden water loss. This could explain the fact 
that Trebouxia-bearing lichens are particularly resistant to photochemical pollutants such as 
ozone (Bertuzzi et al., 2013) and to photo-oxidative stress in general (Kranner et al., 2005; 
Candotto Carniel et al., unpublished). 
Our analyses detected in T. gelatinosa also a highly diversified gene family encoding 
DRPs. These were firstly described in C. plantagineum (Bartels et al., 1990; Piatkowski et al., 
1990) and later in other resurrection (Iturriaga et al., 1992; Collett et al., 2004; Ingle et al., 
2007) and non-resurrection plants (Zha et al., 2013). They are involved in several processes, 
including pathogen defence (Zuo et al., 2005; Guo et al., 2008; Guo et al., 2011; Zha et al., 
2013), but they certainly play an important role in drought tolerance (Bartels et al., 1990; 
Piatkowski et al., 1990; Battista et al., 2002). Unfortunately, an explanation for their 
mechanism of action in desiccation is still missing, also because they share no sequence 
homology with other well-known desiccation-associated proteins, such as dehydrins or LEAs. 
However, the presence of the ferritin-like domain suggests that some DRPs might be related 
to the protection against photo-oxidative stress (Andrews, 2010), as recently suggested also 
by Liang et al. (2012) in the cyanobacterium Nostoc flagelliforme. This possibility is 
particularly intriguing, considering that we did not observe any alteration of the pathways 
classically involved in oxidative stress. The 13 DRPs genes found in the T. gelatinosa 
transcriptome are highly diverse both in the phylogenetic relationship and in the predicted 
subcellular localization; furthermore, they are differentially responsive to the water status of 
the alga. Their diversity is remarkable if compared to that of other lichen chlorobionts, such 
as Asterochloris sp. and C. subellipsoidea. It can be postulated that DRPs evolved in strict 
connection to the capability of Trebouxia to survive desiccation. This feature might have been 
the key factor in driving biotrophic fungi to choose Trebouxia as one of the 'best partners' for 
a 'joint life'. It is still unknown whether mycobionts have choosen Trebouxia as preferred 
photobionts because of Trebouxia's physiological behaviours or whether these have been 
evolved in connection to the symbiotic life-style. 
The desiccation tolerance of the lichen photobiont T. gelatinosa depends partly on 
constitutive protection mechanisms, whose gene expression is steadily active, and on 
mechanisms whose gene expression is largely altered during rehydration. Although this 
behaviour is similar to that observed in the moss T. ruralis, T. gelatinosa relies on different 
groups or protein families, of which DRPs are the most relevant example. 
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Given the high quality of the annotated genes, the new T. gelatinosa expressed sequence 
database will be used for forthcoming analyses aiming at testing the effects of different rates 
of dehydration and rehydration. The new database will additionally represent a standard 
reference for RNA-seq based gene expression studies, which will investigate important topics 
of lichen biology, such as the response to different kinds of stress and the regulation 
mechanisms which are at the base of the lichen symbiosis. 
 
Experimental procedures 
 
Isolation of Trebouxia photobiont in culture 
Isolates of T. gelatinosa Archibald were obtained according to Yamamoto et al. (2002) 
from thalli of Flavoparmelia caperata (L.) Hale, collected in a dolina of the Classic Karst 
plateau (Borgo Grotta Gigante, Sgonico, Italy; 45°42'24.54"N; 13°45'21.70"E). The isolates 
were inoculated in sterile plastic tubes filled with c. 5 ml of slanted solid 3NBBM (1.5 % 
agar) (Ahmadjian, 1973). The tubes were kept in a thermostatic chamber at 20 °C, under a 
light regime of 18±2 μmol photons m-2 sec-1 with a photoperiod of 14 h : 10 h, light : dark 
until an abundant axenic culture was obtained. Cultures were re-inoculated every 30 days and 
were grown at the same conditions as the original inocula. The identity of the photobiont was 
checked by sequencing the nuclear ITS fragment (data available upon request) and by 
analysing the pyrenoid ultrastructure by TEM. Reference algal material was cryo-conserved 
according to Dahmen et al. (1983) and is available upon request. 
 
Experimental design 
Algal cultures were grown on hand-cut sterile filter paper discs (Whatman, 60±5 g m-2, 
diam. 25 mm), laid on solid 3NBBM (1.5 % agar) inside Petri plates. Four discs for each Petri 
plate were inoculated with 100 μl of a T. gelatinosa water suspension (density: 3.5x106 cells 
ml-1). The Petri plates were kept in a thermostatic chamber under the same controlled 
condition described above. On the 30th day of growth 3 discs representing the control samples 
(C) were randomly selected from the starting set of Petri plates and promptly soaked in liquid 
nitrogen and stored at -80 °C. Six discs were slowly dehydrated in a biological hood under air 
flow; complete dehydration took 10 hours. After dehydration, three of these discs, 
representing dehydrated samples (D), were soaked in liquid nitrogen and stored at -80 °C. The 
remaining three discs were rewetted with a water drop and laid on solid 3NBBM (1.5 % agar) 
inside a Petri plate for 12 hours to allow the full re-hydration of the algae under the same 
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growth conditions as above. After rehydration also these latter discs, representing rehydrated 
samples (R), were frozen in liquid nitrogen and stored at -80 °C.  
 
RNA extraction 
Total RNA was extracted from the frozen culture discs using the PowerPlant® RNA 
Isolation Kit (MO BIO Laboratories, Inc.) and its quality was verified with an Agilent 2100 
Bioanalyzer (Agilent Technologies). 
 
Sequencing and de novo transcriptome assembly 
The preparation of cDNA libraries and RNA-sequencing were carried out at the Institute 
of Applied Genomics (IGA) in Udine, Italy. Sequencing was performed on a single lane of an 
Illumina HiSeq2000 instrument, with a 100 cycles paired-end sequencing protocol. Raw 
sequencing reads were trimmed according to their base calling quality before proceeding with 
further analyses. Trimmed reads shorter than 60 bp were discarded. 
Trimmed reads were used for a de novo transcriptome assembly by Trinity (Grabherr et 
al., 2011), selecting the Jaccard-clip option to allow the splitting of chimeric contigs resulting 
from overlapping genes. Minimum allowed contig length was set at 201 bp. The complete 
assembly obtained, containing all the possible transcript variants produced from each of the 
predicted gene models, was processed as follows, prior to the annotation and sequencing 
reads mapping steps. Only the longest transcript model per gene was selected in order to 
reduce sequence redundancy and to obtain a set of transcripts suitable for a gene expression 
analysis. A minimum threshold of average coverage was set at value 12.13X; contigs with 
lower coverage cumulatively contributed to the back mapping of just the 2 % of the reads and 
were considered of low quality (resulting from poorly expressed and highly fragmented 
transcripts) and discarded. 
Contigs resulting from mitochondrial and plastidial messenger RNAs or from ribosomal 
RNA were detected by BLASTn search (Altschul et al., 1990) based on the 
Trebouxiophyceae sp. MX-AZ01 plastidial (Genbank: NC_018569) and mitochondrial 
(Genbank: NC_018568) genomes, and on the Trebouxia arboricola 5.8S, 18S and 26S rRNA 
genes (Genbank: Z68705.1) available at public databases. Matching sequences (e-value cutoff 
= 1x10-30) were discarded prior to further analyses. 
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The entire RNA-seq experiment was deposited at the NCBI Sequence Read Archive 
database (SRA accessions: SRX330011 (control), SRX330015 (dehydrated) and SRX330016 
(rehydrated); Bioproject: PRJNA213702). 
 
Transcripts annotation 
Given the high compactness of Trebouxiophyceae genomes and the overlap of a relevant 
number of genes potentially leading to the de novo assembly of chimeric contigs (see the 
Discussion section for details), we identified in the non-redundant reference transcriptome of 
T. gelatinosa all the regions corresponding to Open Reading Frames (ORFs) whose predicted 
encoded protein either showed a significant BLASTx similarity (e-value cutoff 1x10-5) with 
Coccomyxa subellipsoidea C-169 (v2.0, http://genome.jgi.doe.gov/Coc_C169_1/), Chlorella 
variabilis (v1.0, http://genome.jgi.doe.gov/ChlNC64A_1/) and Asterochloris sp. Cgr/Dha1pho 
(v.1.0, http://genome.jgi.doe.gov/Astpho1/), (e-value cutoff 1x10-5), a PFAM domain (e-
value cutoff 1x10-5) or a any other unannotated ORF longer than 300 codons. 
The resulting ORFs sequences were extracted from the assembled contigs and separately 
annotated with the Trinotate pipeline. Sequence similarities were identified by BLASTx 
(Altschul et al., 1990) performed against the UniProtKB/Swiss-Prot database; functional 
domains were detected by a HMMER (Finn et al., 2011) search against the PFAM domain 
database (Punta et al., 2012). ORFs were also annotated based on eggNOG (Powell et al., 
2012) and Gene Ontology (Ashburner et al., 2000) 'biological process', 'molecular function' 
and 'cellular component' functional categories. 
 
Gene expression analysis 
Trimmed reads obtained from the sequencing of the three samples (control, dehydrated 
and rehydrated T. gelatinosa cultures) were mapped on the annotated non-redundant reference 
transcriptome with the RNA-seq tool included in the CLC Genomics Workbench v.6.03. 
Parameters of length and similarity fractions were set to 0.75 and 0.95, respectively; the 
maximum number of matching contigs was set to 10. Paired reads distance was assumed, 
based on fragment length data, to be comprised between 100 and 500 bp. Only intact paired-
end reads mappings were counted, whereas broken pairs were disregarded for the calculation 
of expression values. 
Raw mapping counts per gene were normalized by quantile; normalized read counts were 
used for the differential expression analysis using a Kal’s Z-test on proportions (Kal et al., 
1999) in the following comparisons: a) dehydrated vs control samples; b) rehydrated vs 
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dehydrated samples; c) rehydrated vs control samples. Differential expression was concluded 
with a Bonferroni-corrected p-value lower than 0.01 and a proportions fold change higher 
than 2 characterizing up-regulated genes, or lower than -2 characterizing down-regulated 
genes. Normalized read counts were transformed by log2 for the graphical representation in 
the scatter plot only. 
 
Hypergeometric test on annotations 
Gene Ontology terms, PFAM domains and eggNOG functional categories over-
represented in the subsets of differentially expressed genes were detected with a 
hypergeometric test on the annotations by Trinotate (Falcon and Gentleman, 2007). The sets 
of up-regulated and down-regulated genes were analyzed separately. Over-representation was 
concluded at p-value < 0.01 and observed - expected > 3. 
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Supporting Information 
Table S1 Summary of the Trebouxia gelatinosa genes expression trends during dehydration and rehydration; 
genes were classified into 9 categories based on their up- or down-regulation in the dehydrated vs control (D vs 
C) and rehydrated vs dehydrated (R vs D) comparisons. 
 
D vs C R vs D Number of genes % of the total 
 
  
  1   33 0.24 
2  = 159 1.17 
3   169 1.24 
4 =  711 5.21 
5 = = 11 502 84.27 
6 =  780 5.72 
7   96 0.70 
8  = 194 1.42 
9   4 0.03 
 
  
  
 
Table S2 Summary of the hypergeometric test on annotations performed on the Trebouxia gelatinosa sets of 
differentially expressed genes in the rehydrated vs control comparison. 
 Category ID Description P-value Proportion 
Rehydration vs control 
 Up-regulated 
   
 
  
 GO_CC 0005886 Plasma membrane 2.58E-05 52/575 
 GO_BP 0006950 Response to stress 1.12E-03 12/78 
 GO_MF 0004091 Carboxylesterase activity 2.63E-03 7/35 
 GO_CC 0016021 Integral to membrane 4.56E-03 87/1319 
 PFAM PF13516 Leucine Rich repeat 7.13E-03 12/94 
 Down-regulated 
   
 
  
 GO_CC 0009522 Photosystem I 4.64E-13 14/23 
 GO_BP 0009765 Photosynthesis, light harvesting 6.00E-13 13/21 
 GO_MF 0016168 Chlorophyll binding 3.26E-12 13/23 
 GO_CC 0009523 Photosystem II 5.82E-11 13/27 
 PFAM PF00504 Chlorophyll a-b binding protein 6.04E-10 13/32 
 GO_BP 0018298 Protein-chromophore linkage 1.17E-09 12/27 
 PFAM PF13668 Ferritin-like domain 4.78E-08 8/14 
 GO_CC 0009535 Chloroplast thylakoid membrane 3.20E-07 23/146 
 GO_CC 0005874 Microtubule 3.27E-06 19/120 
 GO_CC 0009538 Photosystem I reaction center 2.47E-05 4/5 
 GO_BP 0015979 Photosynthesis 6.27E-05 10/47 
 GO_BP 0051301 Cell division 3.20E-04 18/151 
 GO_BP 0010020 Chloroplast fission 3.22E-04 4/8 
 GO_BP 0007067 Mitosis 3.90E-04 14/103 
 GO_BP 0007018 Microtubule-based movement 1.68E-03 9/58 
 GO_BP 0007049 Cell cycle 3.83E-03 11/90 
 GO_BP 0006950 Response to stress 4.06E-03 10/78 
 GO_MF 0003777 Microtubule motor activity 4.40E-03 8/58 
 GO_BP 0006200 ATP catabolic process 5.01E-03 13/120 
 GO_MF 0016887 ATPase activity 7.40E-03 10/90 
   
 
  
Up- and down-regulated genes were analyzed separately. eggNOG: evolutionary genealogy of genes: Non-supervised 
Orthologous Groups; GO_BP: Gene Ontology Biological Process; GO_CC: Gene Ontology Cellular Component; GO_MF: 
Gene Ontology Molecular Function; PFAM: Protein Family. The proportion column indicates the number of differentially 
expressed genes in respect with the total number of genes annotated with the same term in the entire Trebouxia gelatinosa 
transcriptome.  
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Figure S1 Summary of the ORF integrity analysis in the Trebouxia gelatinosa 
transcriptomic analysis; the integrity rate is based on the ortholog sequence coverage 
observed by BLASTx in the UniProtKB/Swiss-Prot sequence database. 
 
 
Figure S2 Chimeric contigs report relative to Trebouxia gelatinosa transcriptomic analysis; 
the number of ORFs annotated on each contig is shown on the X axis and the number of 
contigs observed for each category is indicated on the Y axis. 
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Figure S3 Spaghetti plot showing the trascriptional signature of Trebouxia gelatinosa selected genes pertaining 
to gene expression trends 1, 3, 7, 9. Fold change values relative to the control sample are shown on the y axis. 
 
Figure S4 Scatter-plot summarizing the comparison of rehydrated vs 
control expression profiles of Trebouxia gelatinosa. Log2 normalized 
expression values (total gene read counts) are plotted on the x 
(control) and y (rehydrated) axis. Differentially expressed genes 
identified by the Kal’s Z-test on proportions (Bonferroni corrected p-
value < 0.01 and proportion fold change > ±2) are marked by red 
dots. Over-expressed genes following rehydration are located above 
the bisector line; down-regulated ones are located below. 
Meccanismi di risposta di simbionti lichenici allo stress foto-ossidativo  
70 
Ready to be submitted to: Journal of Plant Physiology 
 
Why lichens are ozone tolerant? A possible explanation 
from biochemical to physiological level 
 
Stefano Bertuzzi1, Fabio Candotto Carniel1,2, Giacomo Lorenzini3, Cristina Nali3, Elisa 
Pellegrini3, Mauro Tretiach1 
 
1
 Dipartimento di Scienze della Vita, Università degli Studi di Trieste, Via L. Giorgieri 10, I-34127 Trieste; 2 
Institute of Botany, University of Innsbruck, Sternwartestraße 15, A-6020, Innsbruck; 3 Dipartimento di Scienze 
Agrarie, Alimentari e Agro-ambientali, Università di Pisa, Via del Borghetto 80, I-56124, Pisa. 
 
Abstract 
 
Lichens are considered to be among the best biomonitors of airborne pollutants but 
surprisingly few data are available on the response to tropospheric ozone (O3). It was recently 
proposed that lichens might tolerate O3 because, as poikilohydric organisms, they have high 
levels of natural defences against oxidative stress. The objective of this work is to give a 
thorough description of the biochemical and physiological mechanisms that are at the basis of 
the O3-tolerance of lichens. Chlorophyll a fluorescence (ChlaF) emission, histochemical ROS 
localization in the lichen thallus and biochemical markers [enzymes and antioxidants involved 
in the ascorbate/gluthathione (AsA/GSH) cycle; H2O2 and ·O2-], were used to characterize the 
response of the epiphytic lichen Flavoparmelia caperata (L.) Hale exposed to O3 at different 
water regimes and air relative humidity in a fumigation chamber. After a two-week exposure, 
no significant effects were observed in ChlaF that could be traced back to the action of the 
pollutant whereas it was observed a negative effect of the watering regime. This influenced 
also the activity of superoxide dismutase and the concomitant production of ROS. O3 instead 
strongly influenced the AsA/GSH biochemical pathway, decreasing the AsA content and 
increasing the enzimatic activity of ascorbate peroxidase, dehydroascorbate reductase and 
glutathione reductase independently from the watering regime and the relative humidity 
applied. This study confirms that F. caperata can face the O3-induced oxidative stress thanks 
to the high levels of constitutive enzymatic and non-enzymatic defences against ROS formed 
naturally during the dehydration-rehydration cycles to which lichens are almost daily 
exposed. 
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Abbreviations  
 
AsA, ascorbate; ChlaF, chlorophyll a fluorescence; CLSM, confocal laser scanning 
microscopy; DCF, dichlorofluorescein; DCFH-DA, 2',7'-dichlorofluorescin diacetate; DHA, 
dehydroascorbate; DHAR, dehydroascorbate reductase; DTNB, 5’,5’-dithiobis-2-nitrobenzoic 
acid; DTT, dithiothreitol; Fv/Fm, maximum quantum efficiency of photosystem II; GR, 
gluthathione reductase; GSH, reduced gluthathione; GSH+GSSG, total gluthathione; GSSG, 
oxidized gluthathione; H2O2, hydrogen peroxide; NBT, NitroBlueTetrazolium; NPQ, non-
photochemical quenching; ·O2-, superoxide anion; O3, ozone; PhAR, photosynthetically active 
radiation; PPFDIk, photosynthetic photon flux density corresponding to the effective 
maximum value of quantum yield CO2 assimilation; qP, photochemical quencheing; RH, air 
relative humidity; ROS, reactive oxygen species; SOD, superoxide dismutase; XTT, 3’-(1-
[phenylamino-carbonyl]-3,4-tetrazolium)bis(4-methoxy-6-nitro) benzene-sulfonic acid 
hydrate. 
 
Introduction 
 
Lichens, a symbiotic association between a fungus (the mycobiont) and one or more 
photosynthetic partners (the photobionts), are considered to be among the best biomonitors of 
airborne pollutants (Bargagli and Nimis, 2002), so that a norm specifically aimed at ruling 
their use has just been edited by the CEN (EN 16413:2014). Lichens are particularly 
responsive to sulfur dioxide (SO2) (Nash and Gries, 1991), hydrogen sulphide (Bertuzzi and 
Tretiach, 2013) and nitrogen oxides (NOX) (Tretiach et al., 2008), but few data are available 
concerning their response to tropospheric ozone (O3). This is surprising if we consider that O3 
has detrimental effects on many organisms at physiological, biochemical and molecular level 
(Heat, 2008; Goumenaki, et al., 2010), and the concentrations are progressively increasing in 
vast areas of the world (Gillespie et al., 2011). O3 is, in fact, an important component of 
global change, being determined by a combination of human activities and climatic 
conditions, such as the release of volatile organic compounds and the combustion of fossil 
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fuels (that leads to the accumulation of NOX), and the occurrence of high temperatures and 
high UV levels (Logan, 1985; Wu et al., 2008; González-Fernández et al., 2013). 
Field studies show that high concentrations of O3 do not cause the impoverishment of the 
lichen flora (e.g. Ruoss and Vonaburg, 1995; Lorenzini et al., 2003), at least if other organic 
pollutants, in particular peroxyacetylnitrates, are absent (Egger et al., 1994; Sigal and Nash, 
1983; Zambrano and Nash, 2000). Further studies under controlled conditions showed that O3 
has only limited (Tarhanen et al., 1997) or no significant consequences on the physiology of 
lichens (Calatayud et al., 2000; Riddell et al., 2010; 2012, Bertuzzi et al., 2013). This is not 
unexpected since the maximum daily concentration of O3 commonly occurs in the central 
hours of hot, sunny days, when lichens are dry and, therefore, metabolically inactive. In fact, 
lichens, in contrast to vascular plants, are poikilohydrous organisms, because their water 
status varies according to the microclimatic conditions of the habitat (Nash, 2008). In the dry 
state they can tolerate very harsh environmental conditions, such as high temperatures 
(Tretiach et al. 2012), UV (Gauslaa and Ustvedt, 2003) and X rays, up to space vacuum 
(Sancho et al., 2007), because their cytoplasm is vitrified, and their metabolism is suspended 
(Kranner et al., 2008). It could be questioned whether lichens are O3 avoidant or O3 tolerant 
(Tretiach et al. 2012). Recently Bertuzzi et al. (2013) proposed that the lichen O3-tolerance, 
implicitly suggested by the majority of the mentioned studies, might be explained by the high 
levels of natural defences against different forms of oxidative stress,  but particularly against 
those derived from the fluctuating water content, that is an intrinsic feature (o: “intimately 
connected”) of the poikilohydric life style. In vascular plants, the mechanisms involved in the 
defence against the oxidative stress derived from O3 exposure have been studied extensively 
(Kangasjärvi et al., 1994; Dizengremel et al., 2008; Pellegrini et al. 2013). These mechanisms 
involve the ascorbate-glutathione cycle (Nali et al., 2004; D’Haese et al. 2005) and many 
other enzymatic (guaiacol peroxidase, glutathione S-transferases, gluthatione peroxidase) or 
non-enzymatic molecules such as proline, flavonoids and lipoic acid (Gill and Tuteja, 2010). 
By contrast, in lichens, the working principles of these cycles are largely unknown, above all 
in relation to the O3-derived oxidative stress. 
For this reason, ecophysiological [chlorophyll a fluorescence (ChlaF) emission], 
histochemical (ROS localization in the lichen thallus) and biochemical parameters (total and 
reduced ascorbate, total and reduced glutathione as well as the correlated antioxidant 
enzymes) were used to characterize thalli of a common epiphytic lichen exposed to O3 in 
fumigation chambers at different water and air humidity regimes. The objective is to give a 
thorough description of the biochemical and physiological mechanisms that are at the basis of 
the O3-tolerance of lichens. 
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Material and methods 
 
Collection and pre-treatment of samples 
The target species, Flavoparmelia caperata (L.) Hale is a widespread, epiphytic lichen 
common throughout the mild temperate regions of Europe and North America; its biology is 
relatively well-known, and it is often used in ecophysiological studies (e.g. Tretiach et al., 
2007; Piccotto and Tretiach, 2010; Bertuzzi et al., 2013). The identity of the photobiont, 
Trebouxia gelatinosa Archibald was checked by analysing the pyrenoid ultrastructure by 
TEM and then by sequencing the nuclear ITS fragment (data available upon request). 
Lichen thalli were collected from northerly exposed bark of ash (Fraxinus ornus L.) trees 
in a wood far from known air pollution sources (Classic Karst, NE Italy). The thalli were 
detached using a sharp blade, put in open Petri dishes and immediately transported to the 
laboratory, where the material was left to dry out at room temperature in dim light (<10 µmol 
photons m-2 s-1), carefully cleaned from debris and bryophytes, put in a desiccator with silica 
gel for 2 days and then sealed in vacuum bags and stored at -20 °C. Before use, the material 
was thawed in a desiccator with silica gel for 2 days, then the marginal parts of the thallus (c. 
3 cm from the margin) were selected for the experiments, since they have considerably higher 
ChlaF emission than the central ones (Tretiach et al., 2007). 
For each experiment (1 and 2, see below), about (i) 100 lobes of 60 ± 5 mg each for 
ChlaF measurements and histochemical localization of ROS production, and (ii) 8 g of mixed 
lobes for biochemical assays were randomly selected. The material was closed in Petri dishes, 
sealed in vacuum bags and transported to Pisa for the following exposure experiments. Prior 
to exposure, the samples were subjected to a conditioning process lasting 2 days: they were 
immersed in distilled water for 3 min twice a day and maintained on rigid plastic nets within 
plastic boxes containing water at the bottom, covered (but not sealed) with transparent plastic 
wrap, put in a growth chamber with charcoal‐filtered air at 20 °C. The PhAR flux was set at 
19 μmol photons m–2 s–1, corresponding to one sixth of the photosynthetic photon flux at 
which the quantum yield of CO2 assimilation of F. caperata  is the highest PPFDIk, (Piccotto 
and Tretiach, 2010), with a light/dark regime of 12/12 h. Light was provided by four quartz 
metal halide lamps with clear outer bulb (400 W, MASTER HPI-T Plus, Philips, Netherlands) 
and by four high pressure sodium lamps with clear tubular outer bulb (250 W, SON-T, 
Philips, Netherlands) and was checked using a Micro-Quantum 2060-M Sensor (Walz, 
Effeltrich, Germany). 
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After this conditioning process a first series of ChlaF measurements (see below) were 
taken to exclude those samples with low ChlaF values (Fv/Fm < 0.670) and to divide the 
samples in homogeneous groups (see below). 
  
Sample exposure 
The two sets of samples were divided in 4 (A-D) groups (respectively 12 individual lobes 
and 2 g of mixed lobes) that were exposed for 2 weeks at 20 °C, 37 μmol photons m–2 s–1 
(PPFDIk/3), with a light/dark regime of 12/12 h, at four combinations of O3 and artificial daily 
hydration, as follows: without O3 with (group A) or without (group B) hydration; with O3 
(group C) or without (group D) hydration.  
During the exposure, groups A, B were maintained in the growth chamber, whereas 
groups C, D were maintained in a 0.90 x 0.90 x 0.65 m Perspex chamber continuously 
ventilated with charcoal filtered air (two complete air changes min-1). O3 was generated by 
electrical discharge using a Fisher 500 air-cooled apparatus (Zurich, Switzerland) supplied 
with pure oxygen, and mixed with the inlet air entering the fumigation chamber. The 
concentration of O3 was continuously monitored with a photometric analyzer (Monitor Labs, 
mod. 8810, San Diego, CA, USA) connected to a computer. Lichens were exposed to 250 ppb 
O3 (for O3, 1 ppb = 1.96 µg m-3, at 20 °C and 101.325 kPa) for 5 h in form of a square wave. 
To hydrate the A,C samples, a spray of distilled water (c. 0.01 ml cm-2) was applied 
immediately before the input of O3 to activate the metabolism when the concentration of O3 
was the highest. 
The exposure was carried out at 30% RH (experiment 1) and at 70% RH (experiment 2). 
The RH values were checked automatically in a controlled environment facility (F.lli 
Bertagnin, Bologna, Italy). 
 
ChlaF measurements 
The samples were immersed for 3 min in distilled water, gently shaken by hand, and 
dark-adapted for 30 min in a dark box. ChlaF measurements were taken with a pulse-
amplitude-modulated fluorometers PAM-2000 (Walz, Effeltrich, Germany), positioning the 
measuring fibre optic (length: 100 cm; active diameter: 5.5 mm) at 60°, on the upper surface 
of terminal parts of the lobes margin. The modulated light, the saturing light and the internal 
led light were used to determine Fv/Fm, NPQ, qP and qN (Baker, 2008; Roháček, 2002), as 
described by Bertuzzi et al. (2013). 
Standard ChlaF measurements were taken on 6 individual lobes of each exposure group 
before exposure, after exposure and after 1 and 2 days of recovery with the samples subjected 
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to the same conditioning process described above. The water content of each sample was 
estimated by measuring the impedance with a Protimeter mini-3 (Parametrics, Shannon, 
Ireland) (Bertuzzi et al., 2013). 
 
Histochemical localization of ROS production 
The histochemical observations were carried out on 6 individual lobes of each exposure 
group: 3 lobes were immersed in liquid nitrogen for ca. 5 s immediately after the end of the 
exposure, while the other 3 lobes were left to recover for 2 days, and only then they were 
immersed in liquid nitrogen. The samples were stored at -80 °C in a freezer for a maximum of 
30 days, then were let to warm up at room temperature (c. 20 °C and 50% RH). Rectangular 
fragments (4×3 mm) were cut radially from the margin of the lobes with a stainless blade and 
rehydrated in distilled water for 5 min. These fragments were mounted in a cryostat 
embedding medium (Killik, Bio-Optica, Milan, Italy) and then cut with a cryotome LEICA 
CM 1510 S (Leica®, Wetzlar, Germany) to obtain 30 μm thick transversal sections. The 
sections were immersed in 15 ml of 10 μM DCFH-DA (HPLC grade, Sigma-Aldrich, St. 
Louis, USA) aqueous solution inside a vacuum chamber in the dark for 90 min. After this 
treatment the transversal sections were put on glass slides and observed in vivo with a CLSM 
Nikon C1-si (Nikon, Tokyo, Japan). Samples were excited with an argon laser at 488 nm with 
an intensity of 10.5%. Signal from the excited DCF was acquired with a 515/30 nm band pass 
filter. Emission of the auto-fluorescence from chlorophyll was acquired with a 650 nm long 
pass filter (λ≥ 650 nm). Acquisitions were elaborated with the Nikon EZ-C1 FreeViewer 
software (Nikon, Tokyo, Japan) and with the freeware suite ImageJ 1.46r (Wayne Rasband, 
National Institutes of Health, Washington DC, USA). 
 
Biochemical assays  
 
Reactive oxygen species determination 
H2O2 production was measured fluorimetrically using the Amplex Red Hydrogen 
Peroxide/Peroxidase Assay Kit (Molecular Probes, Invitrogen, Carlsbad, CA, USA), 
according to Shin et al. (2005). Samples were pulverized under liquid N2 in a mortar, 
homogenized with 0.8 ml of 20 mM potassium-phosphate buffer (pH 6.5), and centrifuged at 
12,000 g for 5 min at 4 °C. The reaction mixture contained 20 mM potassium-phosphate 
buffer (pH 6.5), 50 µM of 10-acetyl-3,7-dihydrophenoxazine, 0.1 U ml-1 horseradish 
peroxidase and 50 µl of the supernatant. Samples were incubated at 25 °C for 30 min in the 
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dark and the resorufin fluorescence (Ex/Em = 530/590 nm) was quantified with a 
fluorescence/absorbance microplate reader (Victor3 1420 Multilabel Counter, Perkin Elmer, 
USA), after subtracting the background fluorescence due to the buffer solution and to the 
assay reagents. Each result was plotted against a H2O2-standard curve (from 0 to 5 µM). The 
superoxide radical (·O2-) determination was based on the reduction of a tetrazolium dye 
sodium, XTT by ·O2- to a soluble XTT formazan, according to the method of Able et al. 
(1998). Samples were pulverized under liquid N2 in a mortar, homogenized with 1 mL of 50 
mM Tris-HCl buffer (pH 7.5), and centrifuged at 12,000 g for 15 min at 4 °C. The reaction 
mixture contained 50 mM Tris-HCl buffer (pH 7.5), 0.5 mM XTT and 100 µl of the 
supernatant in a final volume of 1 ml. Samples were incubated at room temperature for 15 
min and the reduction of XTT formazan was quantified with a spectrophotometer (6505 UV-
Vis, Jenway, UK) at 470 nm, after subtracting the background absorbance due to the buffer 
solution and to the assay reagents. The quantity of ·O2- produced was determined using the 
molar extinction coefficient 2.16 x 104 M-1 cm-1.  
 
Non enzymatic antioxidant compounds 
Samples were pulverized under liquid N2 in a mortar , homogenized with 6 ml of cold 
5% (w/v) trichloroacetic acid, and centrifuged at 14,000 g for 15 min at 4 °C. AsA and DHA 
content were measured spectrophotometrically according to the method of Wang et al. (1991). 
This assay is based on the reduction of ferric ion to ferrous ion with ascorbic acid in acid 
solution followed by formation of the red chelate between ferrous ion and 4,7-diphenyl-1,10-
phenanthroline (bathophenanthroline) that absorbs at 534 nm. AsA+DHA was determined 
through a reduction of DHA to AsA by 3.89 mM DTT and DHA levels were estimated on the 
basis of the difference between AsA+DHA and AsA values. A standard calibration curve 
covering 0-1 mM of AsA or DHA range was used. Supernatants were also used for total and 
oxidized glutathione determinations by the DTNB-GSSG reductase recycling procedure as 
reported in Sgherri and Navari-Izzo (1995). GSSG was determined after removal of GSH 
from the sample extract by derivatization with 4-vinilpyridine. Changes in absorbance of the 
reaction mixtures were measured at 412 nm and 25 °C. The amount of GSH was calculated by 
subtracting the GSSG amount, as GSH equivalents, from the total glutathione amount. A 
standard calibration curve where GSH-equivalents (0-10 mM) were plotted against the slope 
of change in absorbance at 560 nm. 
 
Enzymatic antioxidant compounds 
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Total SOD (EC 1.15.1.1) activity was assayed in terms of its ability to inhibit the 
photochemical reduction of NBT according to the method of Zhang and Kirkham (1994). The 
reaction mixture contained 100 mM potassium-phosphate buffer (pH 7.8), 0.1 mM EDTA, 13 
mM methionine, 75 µM NBT, 2 µM riboflavin and 20-50 µl of the enzyme extract. Samples 
were incubated for 10 min under fluorescent lamp (150 W, Osram R80, Milan, Italy) and 
absorbance at 560 was read against 
unilluminated samples. One unit of 
SOD activity was defined as the 
amount of the enzyme required to 
cause 50% inhibition of the rate of 
NBT reduction. The APX (EC 
1.11.1.11) activity was assayed 
according to the method of Francini 
et al. (2006) by measuring the 
oxidation of AsA at 290 nm at 25 °C 
for 1 min. The reaction mixture 
contained 50 mM potassium 
phosphate (pH 6.6), 1 mM AsA, 0.4 
mM Na2EDTA and 50 µl of 
enzymatic extract in one ml final 
volume. DHAR (EC 1.8.5.1) activity was assayed according to the method of Kawakami et al. 
(2000) by measuring the production of AsA by DHA reduction at 265 nm at 25 °C for 1 min. 
The reaction mixture contained 50 mM potassium phosphate (pH 7.0), 20 mM GSH, 2.0 mM 
DHA and 30 µl of enzymatic extract in 1 ml final volume. One unit of DHAR was defined as 
the amount of enzyme required to oxidize 1 µmol of AsA min-1. The GR (EC 1.6.4.2) activity 
was assayed according to the method of Gillham and Dodge (1986) by monitoring the 
oxidation of NADPH by GSSG at 30 °C for 3 min through the decrease in absorbance at 340 
nm. The assay mixture contained 400 mM potassium phosphate (pH 7.5), 6.4 mM MgCl2, 5.0 
mM GSSG, 0.35 mM NADPH, 0.4 mM Na2EDTA and 50 µl of enzymatic extract in 1 ml 
final volume.One unit of GR was defined as the amount of enzyme required to oxidize 1 nmol 
of NADPH min-1. For all assays, proteins were determined according to Bradford (1976), 
using bovine serum albumin as standard. 
 
Statistics 
Figure 1 Fv/Fm measured before exposure (A), after 2-week exposure (B) and 
after 1 (C) and 2 day (D) recovery in samples of Flavoparmelia caperata 
exposed at 30% (a-d) and 70% (e-h) RH to filtered air (control) (a,b,e,f) and to 
O3 (250 ppb, 5 h d-1) (c,d,g,h,), under DRY (a,c,e,g) and WET (b,d,f,h) 
treatment. For each boxplot median, 25°-75° percentiles (boxes), non-outlier 
minimum and maximum (whiskers) and outlier (dots) are reported; the same 
letters near the boxes indicate no statistically significant difference at P = 0.05 
by Wilcoxon paired test (comparison between two successive times). n = 6. 
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All calculations were performed with Microsoft Office Excel 2010 (Microsoft 
corporation, WA, U.S.A.) and R version 2.15.1 (R Foundation for Statistical Computing). 
Statistical analyses were conducted applying parametric tests or non-parametric tests (see the 
text) in case of non-normal distributed data, e.g. for Fv/Fm values as suggested by Baruffo and 
Tretiach (2007). 
 
Results 
 
ChlaF measurements 
 
The dry regime, compared with the wet one, induced a significantly greater reduction of Fv/Fm 
(Fig.1, Table 1), fully retrieved after the two-day long recovery.  
Table 1 P-values (Mann-Whitney U test) of the differences among the Fv/Fm values of the a-g groups of samples 
subjected to different treatments, after exposure at 30% (a-d) and 70% (e-h) RH to filtered air (a,b,e,f) and to O3 
(250 ppb, 5 h d-1; c,d,g,h,), under DRY (a,c,e,g) and WET (b,d,f,h) treatment. P < 0.05 underlined. n=6. 
                 
  30% RH  70% RH 
                 
  Control  O3  Control  O3 
                 
  DRY  WET  DRY  WET  DRY  WET  DRY  WET 
                 
  a  b  c  d  e  f  g  h 
 
                
a    0.04113  0.8182  0.01515  0.5887  0.3939  0.8182  0.01515 
b      0.1994  0.04113  0.06494  0.6991  0.04113  0.09307 
c        0.02597  0.4848  0.4848  0.5211  0.03704 
d          0.01515  0.04113  0.01515  0.1797 
e            0.3095  1  0.02597 
f              0.3095  0.06494 
g                0.02597 
 
By contrast, there was no significant difference between O3-exposed samples and controls, 
except for those subjected to the wet regime at 30% RH. Surprisingly, in this case the O3-
exposed samples showed the smallest Fv/Fm reduction with respect to the pre-exposure values, 
c. -10% vs. -20÷-30% of all the other 
groups. 
 
 
The different regimes of % RH 
did not influence the sample 
Figure 2 NPQ measured before exposure (A), after 2-week exposure 
(B) and after 1 (C) and 2 day (D) recovery in samples of Flavoparmelia 
caperata exposed at 30% (a-d) and 70% (e-h) RH to filtered air (control) 
(a,b,e,f) and to O3 (250 ppb, 5 h d-1) (c,d,g,h,), under DRY (a,c,e,g) and 
WET (b,d,f,h) treatment. Symbols as in Fig. 1. n = 6. 
                                                                                                                                                        Fabio Candotto Carniel 
79 
 
response, also for the relatively large data spread recorded in all the groups subjected to 70% 
RH. The exposure conditions were associated with a general increase in NPQ after recovery 
(from +80% to +300% in the samples exposed to 30% RH; see Fig. 2 and Table 2).  
Other parameters of ChlaF extinction (e.g. qP and qN) followed the same pattern of NPQ, 
and therefore they are not shown here. 
Table 2 P-values (Mann-Whitney U test) of the differences among the NPQ values of the groups of samples 
subjected to different treatments, after the 2-day long recovery following the exposure in fumigation chamber at 
30% (a-d) and 70 % RH (e-h) to filtered air (a,b,e,f) and to O3 (250 ppb, 5 h d-1; c,d,g,h,), under DRY (a,c,e,g) 
and WET (b,d,f,h) treatment. P < 0.05 underlined. n=6. 
                 
  30% RH  70% RH 
                 
  Control  O3  Control  O3 
                 
  DRY  WET  DRY  WET  DRY  WET  DRY  WET 
                 
  a  b  c  d  e  f  g  h 
 
                
a    0.1797  0.01515  0.008658  0.5887  0.3095  0.9372  0.4848 
b      0.8182  0.9372  0.09307  0.3939  0.1797  0.04143 
c        0.8182  0.004329  0.2403  0.132  0.004329 
d          0.008658  0.3939  0.09307  0.01515 
e            0.2403  0.6991  0.9372 
f              0.8182  0.3939 
g                0.5887 
 
ROS quantification and localization 
At both RH values, ·O2- was always higher in the dry samples than in the wet ones, 
without distinction between O3–exposed samples (6.0±0.72 vs. 2.9±0.43, P = 0.0003) and 
controls (5.9±0.37 vs. 2.8±0.63, P = 0.0001). O3 did not induce any significant change of the 
·O2- content in both dry and wet samples (Fig. 
3a). 
 
O3 led to an accumulation of H2O2 only in the 
dry samples maintained at 30% RH (+44%, 
with respect to the control, see Fig. 3b). By 
contrast, at 70% RH H2O2 did not 
significantly change after O3 exposure at both 
regimes (dry vs. wet; data not shown), 
although it was higher in the dry than in the 
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wet samples exposed to filtered air (+53%, Figure 3b). 
This pattern is largely congruent with the results of the in situ histochemical localization 
of ROS. ROS production was always heterogeneously distributed in the thallus sections, 
being particularly intense in some spot areas, and absent in others (Fig. 4). ROS production in 
the mycobiont occurred in the paraplectenchymatous cells of both upper and lower cortex, 
and in the appressoria, i.e. the specialized hyphal cells that are in physical contact with single 
photobiont cells. No reaction was observed instead in 
the hyphae of the medulla. The localization was mostly 
restricted to the cytoplasm of both photo- and 
mycobiont cells; only when particularly intense, ROS 
were detected also around the pyrenoid of the large 
multi-lobed Trebouxia chloroplast.  
In the photobiont ROS production was not 
modified either by the watering regime (groups a,b; see Fig. 4) or by O3 (groups c,d), whereas 
in the mycobiont ROS production was slightly affected by the watering regime, being 
observed more frequently in both groups of dry samples (b,d) than in the other two (a,c). 
After the two-day long recovery, ROS production was generally barely detectable in all 
the samples (data not shown). 
Figure 3 Quantification of anion superoxide (·O2-, a) and 
hydrogen peroxide (H2O2, b) in Flavoparmelia caperata 
under DRY and WET treatment, exposed for two weeks to 
filtered-air (control) and to ozone (250 ppb, 5 h d-1,  two 
weeks) at 30% RH. For each boxplot median, 25°–75° 
percentiles and non-outlier minimum and maximum are 
reported. Statistically significant differences are marked (* 
0.01 < P ≤ 0.05; Kolmogorov-Smirnov test). n = 4. 
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Figure 4 Histochemical localization of ROS production in Flavoparmelia caperata with DRY (a, b) and WET (c, d) 
treatment exposed to filtered-air (a, c) and to O3 (250 ppb, 5 h d-1; b, d) for two weeks at 30% RH. Cross sections of F. 
caperata were stained with DCFH-DA and observed at the confocal laser scanning microscope. Green signal emitted by 
DCF, red signal by chlorophyll a after an excitation with lasers at λ = 488 and 637 nm, respectively. Bar = 30 µm. 
Biochemical assays 
 
Non enzymatic antioxidant compounds 
O3 induced an evident decline of the concentration and the redox state of ascorbate in dry 
and wet samples independently of the exposure RH. At 30% RH, ascorbate was lower in O3-
treated samples than in the controls, independently of the watering regime (-60 and -54%, 
respectively in dry and wet, Fig. 5a). Interestingly only at 70% RH AsA was higher in the wet 
samples than in the dry ones if exposed to filtered air (8.3±0.37 vs. 6.1±0.72, P = 0.0015).  
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At 30% RH, O3 led to a slight decrease of total ascorbate (AsA+DHA) only in wet 
samples, in comparison to the filtered-air exposed controls (-14%, P = 0.0173, Figure 5b). By 
contrast, at 70% RH total ascorbate did not 
change independently of the treatment applied 
(data not shown). 
The redox state of ascorbate showed a 
similar trend in dry and wet samples at both 
RHs. In particular at 30% RH, O3 led to a 
marked decline in the AsA/DHA ratio in 
comparison to the filtered-air exposed 
controls (-66 and -57%, respectively, Figure 
5c).  
O3 induced an evident decline of the 
concentration and the redox state of 
glutathione in dry and wet samples in relation 
to the exposure RH. At 30% RH, reduced 
glutathione did not show significant changes 
in dry and wet samples exposed to O3 and to 
filtered air (data not shown). Only at 70% 
RH, GSH underwent a significant increase 
when dry and wet samples were exposed to 
O3 (about 4- and 2-fold higher than in the 
controls, Figure 6a).  
At both RH, O3 led to a marked increase of GSSG independently of the watering regime. 
At 30% RH, GSSG was higher in O3-treated samples than in the controls (+52 and +43%, 
respectively, Figure 6b), whereas at 70% RH, GSSG was higher in dry than in wet samples 
exposed to filtered air (0.37±0.019 vs 0.29±0.016, P = 
0.0051).  
A similar trend was observed for total glutathione 
that showed a slight rise at the end of the O3 treatment 
independently of the watering regime. At 30% RH, it 
reached a 1.4-fold higher values than in the control 
(Figure 6c). In dry O3-treated samples, the total content 
of this metabolite was higher than in the wet counterparts (+10%).  
Figure 5 Quantification of anion superoxide (O2-˙, a) and 
hydrogen peroxide (H2O2, b) in Flavoparmelia caperata 
under DRY and WET treatment, exposed for two weeks to 
filtered-air (control) and to ozone (250 ppb, 5 h d-1,  two 
weeks) at 30% RH. For each boxplot median, 25°–75° 
percentiles and non-outlier minimum and maximum are 
reported. Statistically significant differences are marked (* 
0.01 < P ≤ 0.05; Kolmogorov-Smirnov test). n = 4. 
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Figure 6 Content of reduced glutathione (GSH, a), oxidized glutathione (GSSG, b), total glutathione (GSH+GSSG, c) and 
reduced/oxidized glutathione ratio (GSH/GSSG), d) in Flavoparmelia caperata exposed for two weeks to filtered air 
(control) and to ozone (250 ppb, 5 h d-1) at 30% RH. For each boxplot median, 25°–75° percentiles and non-outlier minimum 
and maximum are reported; statistically significant differences are marked (*** P ≤ 0.001; Kolmogorov-Smirnov test). n = 4. 
At 30% RH, the GSH/GSSG ratio did not show significant changes related to the water 
regime or to the O3 exposure (data not shown). On the contrary, at 70% RH O3 induced a 
marked increase of the redox state of glutathione in comparison to the control in both dry and 
wet samples (9- and 1-fold higher, Figure 6d). 
 
Enzymatic antioxidant compounds 
At both relative humidities, SOD activity was always higher in wet than in dry samples 
exposed to O3 or to filtered air (data not shown), although O3 did not induce any significant 
change in  the activity of this enzyme at both watering regimes.  
At the end of the O3 treatment, an evident increase in APX activity was observed in dry 
and wet samples in comparison to the control, independently of the RH conditions. In 
particular, at 30% RH it reached a 2-fold higher value than in the filtered-air controls with 
both watering regimes (Figure 7a). In wet O3-treated samples, the activity of this enzyme was 
higher than in the dry counterparts (50.4±6.76 vs. 32.1±1.70, P < 0.0001). 
At 30% RH, DHAR activity was always higher in dry than in wet samples exposed to O3 
(138.4±13.80 vs 91.2±2.83, P = 0.0005) and to filtered air (66.4±1.70 vs 47.5±3.52, P < 
0.0001). O3 induced a significant rise of the activity of this enzyme at both watering regimes 
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independently of the RH conditions. In particular at 30% RH, DHAR activity reached 1.4- 
and 2.9 fold higher values than the filtered-air controls (Figure 7b). 
Only at 30% RH, GR activity was higher in wet than in dry samples maintained in 
filtered air (11.9±1.59 vs 34.9±1.67, P < 0.0001). O3 induced a significant increase of the 
activity of this enzyme at both watering 
regimes independently of the RH conditions. 
In particular at 30% RH, GR activity was 
higher than in the filtered-air control (5- and 
2-fold, respectively in dry and wet samples, 
Figure 7c). 
 
Discussion 
 
In this study, the tolerance of the lichen F. 
caperata to O3 has been tested at 
physiological, cytochemical and biochemical 
level by exposing portions of healthy thalli in 
fumigation chamberunder different air 
humidity and watering regimes. After a 
fumigation of two weeks, no significant 
effects were observed on ChlaF that could be 
traced back to the action of the pollutant. This 
suggests, in accordance with Calatayud et al. 
(2000), Riddell et al. (2010, 2012) and 
Bertuzzi et al. (2013), that the functionality of 
photosystems is not impaired by O3, or not as 
much as the watering regime. Desiccation 
caused in fact a strong - but fully recoverable 
- decrement in Fv/Fm, in good accordance 
with the results of Hájek et al. (2001, 2006). 
It influenced also some biochemical markers 
of oxidative stress: independently of the 
relative humidity conditions applied to, F. caperata was not able to fully avoid the alterations 
derived from water loss, particularly the increase in ROS production. The development of 
H2O2 and ·O2-  as a consequence of a prolonged period of desiccation has been reported not 
Figure 7 Enzymatic activity of ascorbate peroxidase (APX, 
a), dehydroascorbate reductase (DHAR, b) and glutathione 
reductase (GR, c) in Flavoparmelia caperata exposed for 
two weeks to filtered air (control) and to ozone (250 ppb, 5 
h d-1) at 30% RH. For each boxplot median, 25°–75° 
percentiles and non-outlier minimum and maximum are 
reported; statistically significant differences are marked (* 
0.01 < P ≤ 0.05; Kolmogorov-Smirnov test). n = 4. 
                                                                                                                                                        Fabio Candotto Carniel 
85 
 
only in lichens (Kranner, 2002; Weissman et al. 2005a) and in their isolated symbionts 
(Kranner et al., 2005), but also in yeasts (França and Panek, 2007), and in resurrection 
vascular plants (Kranner et al., 2002). In F. caperata the antioxidant mechanisms affected by 
desiccation differed in relation to the %RH values to which the samples had been exposed. At 
30% RH, desiccation induced a decrease of SOD activity and therefore an increase in 
oxidative stress. The concomitant decrease in GR activity strengthens the hypothesis that 
desiccation partly impaired the efficiency of the ROS detoxifying enzymatic systems. Similar 
findings have been reported for the lichens Peltigera polydactila (Kranner et al., 2002b; 2003) 
and Ramalina lacera (Weissman et al., 2005b), although the decrease of enzymatic activity 
seem to be at least in part ecology- and species-dependent (Kranner et al., 2003). At 70% RH, 
on the contrary, the increase in ·O2- and H2O2 content in the control samples seems to be 
correlated with the impairing of the AsA/GSH cycle due to the loss in efficiency of the GSH 
system. Desiccation induced an increase in GSSG that could be responsible for the 
accumulation of ROS, notwithstanding the decrease of AsA. 
As a matter of fact, our experiments show that ROS production derived from desiccation 
is predominant over the one derived from O3 exposure; only in one case, i. e. dry samples at 
30% RH, it was possible to observe a statistically higher accumulation of ROS due to O3. 
Interestingly, the histochemical localization of ROS was congruent with the quantitative 
measurements of ·O2- and, to a lesser extent, of H2O2. Previous studies detected ROS in both 
symbionts (Weissman et al., 2005a, Catalá et al. 2010; our unpublished results on the 
symbionts of the lichen Parmotrema perlatum), but the photobiont of F. caperata seems to 
scavenge ROS better than the mycobiont and therefore it can be argued that the accumulation 
of ROS measured quantitatively derives totally from the latter. 
Although the effect of O3 on the ROS production was barely detectable because of the 
concomitant desiccation process, the metabolite contents involved in the AsA/GSH cycle and 
the activity of the related enzymes showed to be much more sensitive to O3 than to 
desiccation. At both watering regimes, and independently of the RH conditions, the evident 
decrease of AsA could be explained by its consumption by APX for detoxification of H2O2, as 
indicated by the low AsA/DHA ratio (Asada, 1999), which is considered one of the first signs 
of oxidative stress (Smirnoff and Wheeler, 2000). The fact that no corresponding DHA 
accumulation/reduction occurred (notwithstanding the increase of DHAR activity), suggests 
that this unstable compound broke down and was lost from the total ascorbate pool. Generally, 
the AsA/DHA ratio significantly decreases when the GSH pool is involved in oxidative stress 
avoidance but, at 30% of RH, GSH synthesis did not increase, notwithstanding the higher GR 
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activity. The unchanged GSH/GSSG ratio suggests that F. caperata was not able to 
counterbalance GSH oxidation and that oxidative alteration occurred. At 70% RH, the 
regeneration of GSH by GR was operating, and this is notoriously a critical step in the ROS 
scavenging system. At different watering regimes, O3 enhanced the content of GSH and the 
total glutathione content (despite the increase in GSSG), suggesting that an induced GSH 
biosynthesis might constitute a reserve which allows F. caperata to tolerate oxidative 
alteration derived from the O3 treatment.  
The differential alteration of the antioxidant mechanisms observed at the two RHs is 
noteworthy. A possible explanation can be found in the different lichen water contents at 
equilibrium with the air vapor pressure and/or the different rate of water loss after the 
artificial watering (“wet” samples only). The quantity of water still present in the samples at 
70% RH might be sufficient to permit a minimal metabolic activity (Lange et al., 1990; Nash 
et al., 1990), i.e. some protection mechanisms were still functioning. This hypothesis is 
reinforced by the recent experimental evidence of Fernández-Marín et al. (2013), who 
demonstrated that an enzymatic activity is actually detectable in the moss Syntrichia ruralis at 
small relative water contents, down to 15% RWC.  
In vascular plants, these enzymatic and non-enzymatic antioxidants mechanisms play an 
important role in the defense against ROS that develop in presence of abiotic and biotic stress. 
From this point of view, O3 could be considered a model abiotic ROS elicitor. In vascular 
plants, O3 enters the leaves mainly through the open stomata and immediately reacts with 
apoplastic components generating various ROS (Baier et al., 2005). The chain of events 
following O3 exposition resembles the hypersensitive response in plant-pathogen interactions 
(Kangasjärvi et al., 2005), which leads to the formation of the typical lesions on the leaf 
surface. In lichens, on the contrary, the airborne pollutants enter through the whole cortical 
surface and interact thus with both fungal and algal partners. In our experiment we neither 
observed necrosis and bleaching of the surfaces, contrary to the findings of Scheidegger and 
Schroeter (1995), nor algal vitality loss. This is interesting because the applied O3 
concentration (250 ppb), is the maximum tropospheric concentration ever measured in the 
subtropical regions (Stockwell et al., 1997); this concentration, when protracted 5 hours a day 
for two weeks as in our experiment, induces severe damage in most vascular plants (Döring et 
al., 2014), if it is not excluded by stomata closure (Lee, 2000). Lichens however are 
photoautotrophic life-forms alternative to vascular plants, therefore the knowledge gained in 
30 years of research on the latter cannot be extended automatically to lichens. For these 
reason lichens could become a new “study model” from which we can obtain alternative 
insights on O3 tolerance. 
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All in all, our data show that F. caperata can face oxidative stress caused by the exposure 
to relatively high O3 values without damage, indifferently whether it is metabolically active 
(being fully hydrated) or inactive (being dry). As supposed by Bertuzzi et al. (2013), this 
lichen is actually O3-tolerant simply because it possesses high levels of constitutive natural, 
enzymatic and non-enzymatic, defences against ROS that are formed during the frequent 
dehydration-rehydration cycles to which all lichens are naturally subjected. Possible species-
specific differences, linked to ecological and habitat preferences, will be further investigated 
in a forthcoming paper. 
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Conclusioni 
 
In questo dottorato di ricerca licheni e i loro simbionti isolati sono stati sottoposti ad 
esposizioni a condizioni controllate per riprodurre fenomeni di stress ossidativo dovuti al 
diseccamento abbinato all’esposizione luminosa e alla presenza di un potente inquinante 
fotochiminco, l’ozono. Lo scopo di queste sperimentazioni è stato quello di verificare gli 
effetti di questo stress a livello fisiologico, citologico e biochimico per poter chiarire alcuni 
aspetti poco approfonditi e dunque ancora dibattuti sulla biologia e fisiologia dei licheni. Nel 
primo lavoro è stata verificata l’influenza della lichenizzazione sulla tolleranza allo stress 
foto-ossidativo durante fenomeni di disseccamento protratto confrontando le risposte 
fisiologiche e citologiche del fotobionte Trebouxia sp. con la sua controparte lichenizzata. 
Trebouxia sp. si è dimostrata in grado di tollerare periodi prolungati in quasi totale assenza di 
acqua intracellulare e di recuperare gran parte del danno derivato dall’effetto foto-ossidativo 
della luce in 24 ore. Ѐ stato inoltre confermato che la simbiosi adduce benefici importanti 
come l'aumento della capacità di estinzione dell'energia accumulata dalle clorofille attraverso 
meccanismi non fotochimici e un ridotto effetto ossidativo indotto dal disseccamento. Questi 
risultati hanno permesso di sfatare l'ormai consolidata idea che i fotobionti algali, in 
particolare quelli del genere Trebouxia, siano particolarmente delicati e incapaci di tollerare 
autonomamente (al di fuori della simbiosi) fattori di stress abiotici come quelli che 
intervengono durante il disseccamento. Inoltre l’aver osservato dei benefici indotti dalla 
lichenizzazione tiene in vigore l’ipotesi che Trebouxia sp. trova all’interno del tallo lichenico 
le condizioni di vita migliori, in termini di protezione da fattori di stress abiotici, apporto di 
nutrienti e difesa dall’attacco di altri organismi. Con il secondo lavoro invece si è voluto 
approfondire le conoscenze, ancora molto limitate, sui meccanismi molecolari che stanno alla 
base della tolleranza al disseccamento di Trebouxia, con particolare attenzione a quelli legati 
allo stress ossidativo. Ciò è stato effettuato attraverso l’analisi della variazione di espressione 
genica dell’intero trascrittoma dovuta a eventi di disidratazione e di reidratazione, ovvero le 
due fasi in cui l’organismo può rispettivamente a) mettere in atto i meccanismi di difesa per 
affrontare il seguente periodo in totale assenza d’acqua e b) attivare i meccanismi di 
riparazione del danno dovuto alla perdita d’acqua. I risultati di questo lavoro hanno mostrato 
come Trebouxia abbia un comportamento diverso da tutto ciò che è stato studiato sin’ora. 
Sebbene essa si affidi ad una strategia basata sulla riparazione del danno durante la fase di 
reidratazione similarmente a ciò che è stato osservato per il muschio Syntrichia ruralis, i 
meccanismi che vengono coinvolti sono diversi e talvolta quasi del tutto sconosciuti. Il caso 
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più eclatante riguarda la famiglia genica relativa alle DRPs, la cui funzione è ancora 
sconosciuta sebbene sebbene sia stato ipotizzato un suo ruolo nella difesa contr antiossidanti; 
Trebouxia possiede il più grande e diversificato gruppo di DRPs scoperto fin’ora, ma 
soprattuto molto più grande di quelli scoperti nei genomi o trascrittomi disponibili per altri 
fotobionti lichenici. Un altro caso interessante è quello relativo all’espressione degli enzimi 
coinvolti nelle pricipali difese antiossidanti; i geni relativi all’ascorbato perossidasi, alla 
deidroascorbato reduttasi e alla glutatione reduttasi, non sono mai stati sovra- o sottoespressi 
in relazione ai cambi di contenuto idrico, ma si sono sempre mantenuti ad un valore di 
espressione costante. Questa espressione “costitutiva” è stata interpretata come una strategia 
che permette all'o  rganismo di avere sempre a disposizione mRNA per mantenere costanti le 
capacità antiossidanti della cellula.  
Il tema dell’efficacia delle difese antiossidanti è stato approfondito nell’ultimo lavoro in 
relazione alla loro tolleranza dei licheni ad elevate concentrazioni atmosferiche di ozono. 
L'obiettivo di questo studio è stato quello di verificare se la tolleranza del lichene 
Flavoparmelia caperata allo stress ossidativo derivante dall'esposizione a questo inquinante 
dipende da una strategia “O3-avoidant”, imputabile alla sua inattività metabolica durante le 
ore del giorno in cui generalmete si verifica il picco di questo inquinante, oppure da una “O3-
tolerant”, dovuta invece alla presenza di un cospicuo ed efficace corredo di difese 
antiossidanti. I risultati di questo lavoro hanno confermato che questo lichene si comporta 
effettivamente da “O3-tolerant” in quanto, a diverse combinazioni di attivazione metabolica, 
non sono stati osservati nè i tipici segni di necrosi o sbiancamenti della superficie dei talli, nè 
alcuna compromissione dell’apparato fotosintetico dei fotobionti. Questa elevata tolleranza è 
dovuta appunto alle difese antiossidanti; l’esposizione a questo inquinante ha quasi sempre 
indotto una maggiore attività enzimatica e un concomitante maggior consumo di antiossidanti 
(e.g. AsA) rispetto all’esposizione in aria filtrata. Di questo lavoro inoltre ci sono da 
sottolineare due evidenze a mio avviso di fondamentale importanza. La prima riguarda la 
capacità delle difese antiossidanti analizzate di controbilanciare la produzione di ROS anche a 
contenuti idrici dei campioni molto bassi, come quelli che si osservano al 30% e al 70% di 
RH. Ciò implica, ipoteticamente, che anche da disidratati i licheni sono in grado di mantenere 
una certa mobilità molecolare all’interno delle proprie cellule che permette una minima 
attività enzimatica. A riprova di questa ipotesi, anche nel primo lavoro presentato in questa 
tesi sono state osservate differenze di risposta piuttosto significative, imputabili al diverso 
contenuto idrico. In quel caso i meccanismi di estinzione non fotochimica (NPQ) si sono 
dimostrati più efficienti a contenuti idrici compresi tra il 14% ed il 16%. Questo aspetto 
dunque, ancora limitatamente studiato per i licheni, merita un un futuro approfondimento in 
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quanto contribuirebbe a spiegare l’estrema resistenza dei licheni a numerosi fattori di stress 
quando disidratati. 
La seconda evidenza riguarda invece la risposta del fotobionte Trebouxia gelatinosa 
all’esposizione da ozono; esso anche in questo caso un membro del genere Trebouxia ha dato 
prova di essere molto resistente allo stress ossidativo, in quanto ha sempre dimostrato 
un’ottima capacità di rimozione delle ROS indotte dall’esposizione all’ozono. 
Visti i risultati di questi studi comincia a prendere forma l’ipotesi che una delle ragioni 
per cui i rappresentanti del genere Trebouxia sono i più diffusi nella simbiosi lichenica sia 
legata alle loro doti di resistenza abbinata ad alcune caratteristiche uniche. Quest’ipotesi 
tuttavia per essere verificata necessita di ulteriore lavoro non solo sulle risposte fisiologiche 
dei rappresanti di questo genere a diversi fattori di stress, ma anche approfondendo alcuni 
aspetti della biologia della simbiosi, come ad esempio i meccanismi molecolari coinvolti nella 
formazione di nuovi talli lichenici a partire dai simbionti isolati e gli aspetti legati allo 
scambio di nutrienti tra i simbionti.  
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